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© PREFACE TO THE FIRST EDITION 


Outlines of Intermediate Physics written by Prof. S. C. Ray 
| | Chowdhury has been thoroughly revised and recast and is being 


the field of their applications also by concrete examples. Additions 
and alterations have naturally been made here and’ there. “Moreover, 
the book has been rewritten at many a place to bring it in line 
with modern ideas, Some new topics have been included in order 
that it may cover the syllabuses of studies of the various Indian, 
Universities. Many old blocks have been changed and a large 
number of new blocks have been added to illustrate the subject- 
matter properly. 

The authors will deem their labours amply repaid, if this new 
set-up proves to be of greater service to the readers. ‘ 


Calcutta, S. C. Ray Chowdhury, 
February, 1948. } D. B. Sinha ® 


PREFACE TO THE FIFTH EDITION 


I regret to record in this edition the death of my esteemed 
co-author Prof. S. C. Ray Chowdhury. I miss him so much to-day. 
A profound scholar, a kind soul he was. May his soul rest in peace. 

For about two yen past E have been away in England, Still 
we have spared no/pains to revise the book as best as possible with, 
a view to further improvement. Not only there has been some 
i Ye-arrangement, particularly in Part I, but also some new topics, 

|» accompanied by necessary blocks, have been added to meet the 
requirements of the changing times. Any appreciation of the same 
will undoubtedly be of great encouragement to me. 

I must thank the publishers for taking all necessary steps to 
publish the book in time in my absence. 


London, S. W. 7, 


Imperial College, 
July, 1954. 


D. B. Sinha 


PREFACE TO THE SIXTH EDITION 


In the first place I express my thanks to all teachers of Physics 
for their wide appreciation of the book. The readers of this text 
extend from-Kashmir to Burma. I am grateful to the publishers 
for the efficient way in which they have been maintaining the supply | 
over such wide distances. I should also appreciate the efforts of 
the printers who have worked under heavy strain. 

ena D. B. Sinha 
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PREFACE TO THE SEVENTH EDITION 


Important changes, both in contents and arrangement, have 
been made in Part I (General Physics). of this volume. Questions of 
interesting nature from recent examination papers of the various 
Universities in India have been also incorporated. The author 
thanks the Publishers and the Printers for their ungrudging 
cooperation at every stage. 

Calcutta, July, 1958. D. B. Sinha 


PREFACE TO THE EIGHTH EDITION 


The contents remain the same in this edition. Slight changes 
im treatment here and there, and a thorough checking up throughout 
have been’ made. Topics for which references to the ‘Additional 
Volume’ of this book will be found are meant mostly for the Bombay 
and Rangoon Universities. 


Calcutta, August, 1959. D. B. Sinha 


PREFACE TO THE ELEVENTH EDITION, 


In this edition most of the old blocks have been replaced by 
new ones. ‘The topics relevent to General Physics, Heat and Sound 
treated under ‘Appendix’ at the end of Vol. II of this book have 
now been transferred to this volume. But for all these the book 
otherwise has remained the same as in the last edition. 


Calcutta, November, 1964. D. B. Sinha 


PREFACE TO THE TWELFTH EDITION 


ln the present edition some old blocks have been replaced and 
a few more worked-out examples have been added. But for some 
changes in presentation at a few places and the inclusion of new 
topics on weather charts, supersonics and Ammonia Ice Machines, 
the treatise otherwise has been left in its previous form. 

Calcutta, July, 1966, - D. B. Sinha 


PREFACE TO THE THIRTEENTH EDITION 
This is almost a reprint of the last edition. I have, however 
taken the opportunity of making a thorough check-up all through. 
Calcutta, May, 1968. ` D. B. Sinha 


CONTENTS 
PARTI 


GENERAL PHYSICS 
CHAPTER I 
INTRODUCTION 


1. The Five Senses, and Knowledge. 2. T he Seierites, Basic 
and Subsidiary. 3. The object of Physics. 4. Matter and Eneigy. 
5. Sub-divisions in Physics. 6. Measurements. 7. Units and 
Standards. 8. Fundamental and Derived Units. 9. Systems of 
Fundamental Units. 9(a). Practical Units and Absolute Units. 
10, Standard Notations. 11. Fundamental Units, their 
Multiples and Sub-multiples. 12. M. K. S. Units. 13 Advantages 
of the Metric (C.G.S) System. 14. Dimensions of derived. Units. 
15. General Maxim of Physical Sciences. 


CHAPTER IL 
MEASUREMENTS e 


16. Measurement of Length. 17. Different Types of Ap- 
` pliances for Measurement of Length—(@) Field Work, (b) Work- 
shop Practice, (c) Laboratory Work. 18. Measurement of Small 
Lengths: (a) The Slide-Callipers : Screw and Nut principle : 
b) The Screw-gauge : (c) The Spherometer : Thickness of a 
Plate of Glass by Spherometer ; Radius of Curvature of a Sphe- 
rical Surface by Spherometer : Proof of the Formula. 19. Mea- 
surement of Area : (a) Areas of Regular Figures: (b) Areas of 
Irregular Figures. 20. Measurement of Volume: Table: (a) 
Measurement of Volume of a Liquid : (b) Volumes of Regu- 
lar Solids : Volume of a Sphere: (c) Volumes of Irregular So- 
lids. 21. Measurement of Mass. 22. Measurement of Time : 
(a) The Sun-Dial : (b) The Hour-Glass (or Sand Glass): (c) 
Clocks and Watches: (d) The Watch: The Stop-watch : 
The stop-clock : The Metronome. 


CHAPTER III 
STATICS AND DYNAMICS 


23. Body. 24, Particle. 25. Mechanics. 26. Position of a 
Point or body. 27. The Rectangular Coordinates. 28. Rest and 
Motion. 29. Kinds of Motion : Translatory and Rotatory 
Motion. 30. Terms connected with Motion. $1. Distinction be- 
tween Velocity and Speed. 32. Units of Velocity or Speed. 33. 
‘Acceleration. 34. Units of Acceleration. 35. Retardation. 36. 
Angular Velocity. 87. Relation between Linear and Angular 
Velocity in Uniform Circular Motion. 38. Uniform Motion in a 
Straight Line. 39. Rectilinear Motion with Uniform Acceleration. 


PAGE 
1 


36 


vi 2 


40. Special Cases. 41. Distance traversed in any particular Se- 
cond. 42. General Hints. 43. Force : (a) Representation of a Force 
-by a Straight Line : (b) Equilibrium. 44. Principle of Transmis- 
sibility of Force. 45. Composition and Resolution of Forces : (a) 
Resultant and Components: (b) Resultant of Forces acting 
along the same Straight Line : (c) Resultant of two Forces in 
different Diréétions. 46. The Law of Parallelogram of Forces. 
47. Experimental Verification. 48. Illustrations. 49. Trangle of 
Forces: (a) Converse of the Triangle of Forces : (b) Experi- 
mental Proof : (c) Practical Problem. 50. Lami’s Theorem. 51. 
Polygon of Forces. 52. Resolution of Forces. 53. Components of 
a Single Force in two assigned Directions. 54. Resolution of a 
Force into two rectangular directions. 55. Resolved Part. 56. 
Resultant of Coplanar Forces acting at a Point. 57. Conditions 
of equilibrium of Forces acting at a Point. 58. Some Practical 
Problems. 59. Compositions of Velocities and Accelerations. 60. 
Resolution of Velocity or Acceleration. 61. Traingle of Veloci- 
ties. 62. Polygon of Velocities. 63, Relative Velocity. 64. Moment 
of Mass ; Centre of Mass. 65. Moment of a Force. 66. Effect of 
a Force : (a) Physical Meaning of the Moment of a Force : 
(b) Positive and Negative Moments: (c) Algebraic Sum of 
Moments. 67. Principle of Moments. 68. Moment of Inertia. 
69. Kinetic Energy of a Rotating Particle. 70. Moment of 
Inertia of a Body about an axis. 71. Radius of Gyration. 72. 
Parallel Forces : (a) Like Forces: (b) Unlike Forces. 73. The 
Couple. 74. Theorems on Couples. 75. Action upon a Rigid 
Body: (a) Conditions of Equilibrium of a Rigid Body. 76. 
Vector and Scalar Quantities. 77. Rene Descartes. 


CHAPTER IV 
NEWTON’S LAWS OF MOTION: FORCE 


78. Newton’s Laws of Motion. 79. The First Law of 
Motion : Force. 80. The Second Law of Motion. 81. Units of 
Momentum. 82. Measurement of Force. 83. Verification of 
Newton’s Second Law (Fletcher’s Trolley Apparatus). 84. Im- 
pulse of a Force. 85. Impulsive Force. 86. The unit of Force. 
87. Relation between Dyne and Poundal. 88. Physical Inde- 
pendence of Forces. 89. Pull, Push, Tension and Thrust. 90. 
The Third Law of Motion. 91. Conservation of Linear 
Momentum. 92. Circular Motion. 93. Centripetal and Centri- 
fugal Forces; (1) Motion of Bicycle in a curved Path; (2) 
Banking of Tracks; (3) Centrifugal Drier ; (4) Cream Separa- 
tor; (5) Flattening of the Earth ; (6) Watt’s Speed Governor : 
Theory of the Conical Pendulum; (7) Loss of Weight of a 
Body due to Earth’s Rotation. 


PAGE 


70 


` Disadvantages of a Simple Pendulum. 


vii 


CHAPTER V 


GRAVITATION AND GRAVITY: FALLING BODIES : PENDULUM 


94. Historical Notes. 95. Newton's Laws of Gravitation. 
95(a). Determination of the gravitational constant (G). 96. 


Gravitation and Gravity. 97. The ‘Acceleration due to Gravity. 
98. Variation of ‘g’ or Weight from Place to Place. 99. Weight 
‘Weighing’ the Earth. 


of a Body on the Sun or Moon. 100. 
101. Centre of Gravity : Important Notes on Centre of Gravity. 
trical Bodies. 103. Determination of C. G. 


104. Stable, Unstable and Neutral 


Method. 112. The falling of Rain-drops. 113. Bodies projected 


Downwards. 


Historical notes. 
lum : The Compound Pendulum : The Seconds Pendulum. 
dulum). 118. The Laws of Pendulum. 


of a Seconds Pendulum. 124. Value of ‘g’ by a Pendulum. 125. 
Loss or Gain of Time by a Clock on Change of Place. 126. 
Measurement of Height of a Hill by Pendulum or Clock. 127. 


Galieo Galilei, 130. Christian Huygens. 131. Sir Isaac Newton. 
132. Henry Cavendish. 


CHAPTER VI 


WORK : ENERGY: POWER 


133. Work. 134. Units of Work. 135. Conversion of 
Foot-Poundals into Ergs. 136. Relation between the two Units 
of Work. 137. Power. 188. Units of Power. 139. Conversion of 
H. P. into Watts. 140. Conversion of Kilowatt-hour into Foot- 
pounds, 141. Distinction between Work and Power. 142. Mecha- 
nical Energy. 148. Distinction between Energy and Power. 144. 
The two Forms-of Mechanical Energy : (a) Potential Energy : 
(b) Kinetic Energy. 145. Potential Energy and State of Equili- 
brium. 146. Transformation of Energy and the Principle of 
Conservation of Energy. 147. Principle of Conservation of 
Energy and Swinging Pendulum. 148. Total Energy of a Falling 
Body. 149. A Particle sliding down an Incline. 150, A Projectile. 
151. Perpetual Motion. 152. Velocity of a Pendulum Bob at the 


PAGE 
92 


viii = 


lowest Point. 153. Other Forms of Energy. 154. The sun is the 
ultimate source of all Energy. 155. Examples of Transforma- 
tions of Energy. 156. Different Examples of Work done. 157. 
Summary of Results. 


CHAPTER VII 
FRICTION 


>) My 


158. Friction, 158(a). (i) Static friction and its limiting 
value, (ii) Kinetic or sliding friction : (b) Rolling friction : 
(c) Fluid friction. 159. Role of friction. 160. Limiting friction. 
161. Laws of limiting Friction. 162. Co-efficient. of friction. 
163. The Angle of Friction. 164. Cone of static friction, 165. 
Determination of Co-efficient of Friction : (i) Horizontal Plane 
Method : (ii) Inclined Plane Method. 166. Angle of Repose. 
167. Co-efficients of Friction. 168. Laws of Kinetic (or sliding) 
Friction. 169. Co-efficient of Kinetic (or sliding) Friction. 170. 
Machines. 171(a). Mechanical Advantage : (b) Velocity ratio. 
172. Efficiency of a Machine. 173. Relation between Mechani- 
cal Advantage, ‘Efficiency and Velocity ratio. 174. Principle of 
work. 175. Gain in Power and Loss in Speed. 176. Uses of a 
Machine. 177. Types of simple machines. 178. The Pulley. 179. 
Inclined Plane. 180. The Lever. 180(a). Straight Levers. 181. 
Amplifications of Levers. 182. Examples of Different Classes of 
Levers. 183. The Wheel and the Axle. 184. Screw. 185. Appli- 
cations of the screw. 186. Velocity Ratio and Efficiency of a 
screw-jack. 187. Wedge. 188. Magnification of Displacement by 
levers. 189. Rack and Pinion. 190. The Common. Balance : 
Weight Box : Principle of Measurement. 191. Theory of the 
Common Balance. 192. Requisites of a Good Balance. 193. Test 
of Accuracy. 194. Weighing by the Method of Oscillation, 195. 
Double Weighing. 196. A False Balance. 197. Roman Steelyard. 
198. Platform Balance. 199. The Spring Balance. 200. Distinction 
between Mass and Weight. 201. Detection of the Variation of 
Weight of a Body. 


CHAPTER VIII 
PROPERTIES OF MATTER 


202. Constitution of Matter: Molecules and Atmos. 203. 
The Three States of Matter. 204. Physical States and Tem- 
perature. 205. Molecular Motion in the three States. 206. 
General Properties of Matter. 207. Elasticity. 208. Some terms 
in elasticity. 209. Load-extension graph. 210. Factor of Safety. 
211. Different kinds of Strain. 212. Hooke’s Law. 213. Young’s 
Definition of Hooke’s Law, 214. Table of Elastic Constants, 215. 
Steel more elastic than India-Rubber. 216. Verification of 
Hooke’s Law. 217. Young’s Modulus : Bulk Modulus : Rigidity 
Modulus. 218. Distinction between Modulus of Elasticity 


PAGE 


143 


178 


PAGE 


and Young's Modulus. 219. Determination of Young's 
Modulus: Vernier Method: Searle's. Method. 220. Pro- 
perties peculiar to! Solids. 221. Properties peculiar to Fluids. 
992, A Simple Explanation of Diffusion. 223. Viscosity. 
224, Viscosity is a relative term. 225. Demonstration of 
Viscosity. 226. Stream-Line Motion and Turbulent Motion. 
997. Nature of Flow of Liquid in important Cases. 228. Deter- 
mination of Viscosity of Water. 229. Practical Importance , of 
Viscosity. 230. Properties peculiar to Liquids. 231. Importénce 
of Osmosis. 232. Surface Tension. 233. Effects of Different Fac- 
tors on Surface Tension. 234. Experiments on Surface ‘Tension. 
235. Spherical Shapes of Liquid Drops. 236. Part played by 
Cohesion and Adhesion. 237. Angle of Contact. 238. Table of 
S. T. and Angle of Contact. 239. Capillarity. 240. Capillary Rise 
of a Liquid in a Tube. 241. Jurin’s Law. 242. Robert Hooke. 
248. Thomas Young. 


CHAPTER IX 
HYDROSTATICS 


244. Hydrostatics. 245. Liquid Pressure. 246. Free Surface 209 
of a Liquid is horizontal. 247. Some illustrations of equillbrium 
of liquids. (1) The Spirit Level; (2) City Water Supply; (3) 
Artesian Well : (4) Tube-wells. 248. Lateral Pressure of a Liquid. 
949. Pressure acts in a Direction perpendicular to wall. 250. 
Pressure at a point depends upon the depth and is independent 
of Shape of the Vessel. 251. Upward Pressure is equal to Down- 
ward Pressure at the same depth, 252. Pascal's Law. 253. Prin- 
ciple of Multiplication of Force. 254. The Hydraulic Press, 255. 
Hydrostatic Bellows. 256. Other examples of Pascal's principle. 
257. Blaise Pascal, 


CHAPTER X 
ARCHIMEDES’ PRINCIPLE 


258. Archimedes’ Principle. 259. Buoyancy. 260, Appli- 227 
cations of Archimedes’ Principle. 261. History. 262. The Prin- 
ciple of Archimedes is also true for Gases. 263. True Weight of 
a Body: Buoyancy Correction. 264. Which is heavier, a Ib. of 
cotton or a lb. of lead ? 265. Two interesting Cases on Down- 
ward Thrust. 266. Immersed. and Floating Bodies. 267. Condi- 
tions of Equilibrium of a Floating Body. 268. The Stability of 
Floatation. 269. Meta-centre. 270, Densities of Immersed and 
Floating Bodies. 271. Illustrations of the Principle of Buoyancy. 
of Liquids: Why Ice floats on water? Why an Iron Ship 
floats on Water ? 272. The carrying Capacity of a Ship. 273. 
The Plimsoll Line. 274. The Floating Dock: 275. The Principle 
of a Life-belt. 276. Swimming. 277. The Cartesian Diver. 278. 


The Submarine. 279. Density of Ice. 280. Density of Wood, 
Wax, etc. by Floatation. 281. Principle of a Hydrometer. 282. 
Principle of the variable Immersion Hydrometer. 283. Archi- 
medes. 
CHAPTER XI 
ay SPECIFIC GRAVITY 


284. Density and Specific Gravity. 285. Relations between 
Density and Specific Gravity in the two systems of Units. 286. 
Sp. Gr. of Solids, 287. Sp. Gr. of Liquids. 288, Temperature 
Correction. 

CHAPTER XII P 
PNEUMATICS 


289. The Earth's Atmosphere. 290. Physics of the Atmos- 
phere. 291. Atmospheric Pressure, 292. Air has Weight. 293. 
Air exerts Pressure. 294. Nature abhors Vacuum. 295. Torricelli’s 
Experiment. 296. Barometers. 297. Barometer Reading Correc- 
tions, 298. Diameter of the Barometer Tube. 299. Uses of Bar- 
ometers. 390. Value of the Atmospheric Pressure. 301. Why 
mercury is a Convenient Liquid for Barometers ? 302. Variations 
in the Atmosphere. 303. Homogeneous Atmosphere. 30§. Pres- 
sure on the Human Body. 305. Why the Barometric Height 
varies ? Weather Forecasting : Weather Charts. 306. Balloon 
and Air ship. 307. Parachute. 308. The Lifting Power of a 
Balloon. 309. Boyle's Law. 310. Pressure and density, 311. Veri- 
fication of Boyle’s Law. 812. Isothermal Curve. 313. Deviations 
from Boyle’s Law. $14. Verification of Boyle's Law by another 
method, $15. Faulty Barometer. 316. Measurement of Pressure 
of a Gas. 317. Evangellista Torricelli. 318. Robert Boyle. 


CHAPTER XIII 
APPLICATION OF AIR PRESSURES : PUMPS 


319. The Valves. 320. Air-Pump (Exhaust Pump). 321 
Double Baralled Air-Pump. 322. Calculation of the Density of 
Air in the Receiver. 323. Filter Pump (Water Jet Pump). 324. 
The Condensing (Compression) Pump. 325. Density and Pres- 
sure in the Receiver. 326. Compression and Exhaust Pumps 
Compared. $27. Different Forms of Compression Pump: Bicy- 
cle pump : Football Inflator. 328. Some uses of compressed air. 
829, The Water pumps : The Syringe : Pen-filler. 330. Common 
or Suction Pump. 331. Limitation of Suction Pump. $32. The 
Lift Pump. 338. The Force Pump. 334. Rotary Pump. 334(a). 
Langmuir’s Condensation Pump. 335. The Centrifugal Pump. 
$86. The Siphon. 337. The Intermittent Siphon. 338. The 
Diving Bell. 339, Otto Von Guericke. 


PAGE 


245 


261 


292 


PART II 
HEAT 
CHAPTER I 
HEAT: TEMPERATURE : THERMOMETRY 


l. What is ‘heat’? 2. Temperature. 3. Heat and Tempe- 
rature. 4. Effects of Heat. 5. Measurement of Tempyva- 
ture. 6. Choice of Thermometric Substance. 7. T he Hypso- 
meter. 8. Construction of a Mercury Thermometer. 9. 
Sources of Error in a Mercury Thermometer. 10. Scales of 
Temperature. ii Corrections for Thermometer Readings. 
12. Different rms of Thermometer. 13. Advantages of 
Mercury as ‘Thermometric substance, 14. Comparison of 


Mercury and Alcohol. 


CHAPTER II 
EXPANSION OF SOLIDS i 


15. Expansion and Contraction. 16 Expansion of Solids. 
17. Different Aspects of Expansion. 18. Forces of Expansion 
or Contraction. 19. Linear Expansion. 20. Does « depend 
on the unit of length and scale of Temperature ? 21. Coeffi- 
cient of Expansion at different Temperatures. 22. Measure- 
ment of Linear Expansion. 23. Substances not affected by 
‘Temperature, 24. eR and Cubical Expansions. 25. 
Relation between x andf, 26. Coefficient of Cubical Ex- 
Pansion of a Body. 27. Relation between x and 7, 28. 
Practical Examples of Expansion of Solids. 29- Compensated 
Pendulum. 30. Compensated Balance Wheel. 


CHAPTER III 
EXPANSION OF LIQUIDS 


31. Dilatation or Expansion of Liquids. 32. Variation of 
Density with Temperature. 33. Determination of Coeff. of 
Apparent Expansion of a Liquid. $4. Exposed Steam Correc- 
tion for a Thermometer. 35. Coefficient of Absolute Expansion, 
35(a). Callendar and Moss's method of determining the co- 
efficient of real expansion of mercury. 36. Apparent Loss in 
Weight of a Solid dipped in a Liquid at different Tempera- 
tures. 37. Anomalous Expansion of Water. $8. Constant 
Volume Dilatometer. 39. Table for Density of water at 
Different Temperatures. 40. Hope's Experiment. 41. Prace- 
tical Importance of Hope’s Experiment. 42. Correction of 
Barometric Reading. 43. Regnault. 44. Thomas Charles 


Hope. 


PAGE 
$12 


$28 


344 


xii 


CHAPTER IV 
EXPANSION OF -GASES 


45. Expansion of gases. 46. Expansion of Gases at Cons- 
tant Pressure. 47. Importance of measuring Expansion of a Gas 
with respect to Volume at 0°C. 48. Important Points of 
Difference. 49. Determination of Coefficient of Expansion of 
Gas at Constast Pressure. 50. Increase of Pressure of a Gas at 
Constarg Volume. 50(a). Determination of the Pressure Coeffi- 
cient of a Gas. 51. Relation between yp and ys. 52. Gay-Lus- 
sac. 53. Gas Thermometer. 53(A), Constant Volume Hydrogen 
Thermometer. 54. Absolute Zero and Asolute Scale. 55. Char- 
les’ Law in terms of Absolute Temperature. 56. Meaning of 
NTP. 57. The Law connecting Pressure, Volume and Tem- 
perature of a Gas. 58. Value of the Gas Constant. "59. Change 
of Density of a Gas. 60. The Kinetic Theory of Gases. 61. 
Interpretation by Kinetic Theory. 62. Evidence of Molecular 
Motion, 63. Explanation from Kinetic Theory. 64. Perfect Gas. 
65. Isothermal and Adiabatic Changes. 


CHAPTER V 
p CALORIMETRY 


66. Quantity of Heat. 67. Calorimetry and Calorimeters. 
68. Units of Heat. 69. Relations between the Units of Heat. 
70 Principle of Measurement of Heat. 70. Specific Heat. 72. 
Definition of Specific Heat. 78. Thermal Capacity. 74. Water 
equivalent. 75. Determination of W. E. of a Calorimeter. 76. 
Specific Heat of a Solid. 77. Measurement of High Tempe- 
rature by the Calorimetric Method. 78. Calorific Values of 
Fuels. 79. Sp. Heat of a Liquid. 80. Specific Heat of Gases. 
81. Cp is’greater than Cy. 82. Op—Cy=!H/J. 83. Consequence 
of High Sp. Heat of water. 84. Latent Heat. 85. Units of 
Latent Heat. 86. Reality of Latent Heat. 87. Determination 
of the Latent Heat of Fusion of Ice. 88. High Latent Heat of 
water. 89. Ice-Calorimeter. 90. Bunsen’s Ice-Calorimeter. 91. 
Determination of the Latent Heat of Vaporisation of Water. 
92. Joly’s Steam Calorimeter. 92(a). Determination of Cy by 
Joly’s Steam Calorimeter. 92(b) Determination of Cp by Re- 
gnault’s method. 93. Joseph Black. ; 


CHAPTER VI 
CHANGE OF STATE 


94. Fusion and Solidification. 95. Melting Point. 96. 
Viscous State. 97. Sublimation. 98. Change of Volume in Fusion 
and Solidification. 99. Determination of Melting Point of a 
Substance. 


xiii 


100. Melting-points of Alloys. 101. Effect of Pressure on Melting 
Point. 102. Freezing Mixtures. 103. Laws of Fusion. 104. Vapori- 
“sation and Condensation. -105. Phenomena during Change of 
State. 106. Evaporation and Ebullition. 107. Cold caused by Eva-, 
poration. 108. Experiments on Absorption of Heat by Evapora- 
tion. 109. Refrigeration, 110. Vapour Pressure and Saturation 
Vapour Pressure. 111. Change of Volume at Constant ‘Yempera- 
ture. 112. Measurement of Saturation Vapour Pressure (Rag 
-nault's Expt.), 113. Effect of Change of Temperature on Saturat- 
ed Vapour and Unsaturated Vapour, 114. Distinction between 
Saturated and Unsaturated Vapours. 115. Mixtures of Various 
Vapours. 116, Critical Temperature : Gas and Vapour : Perma- 
nent Gases. 117. Boiling by Bumping. 118, Condition for Boil- 
ing. 119. Boiling Point depends on the Pressure. 119(a). Papin’s 
Digester. 120. Boiling Points of Solutions. 121. Laws of Ebulli- 
tion. 122. Ebullition and Fusion Compared. 123. Change of 
Volume of Water with Change of State. 124, Determination of 
Height by Boiling Point. 


© 


CHAPTER VII 
HYGROMETRY 


125. Hygrometry, 126. Dew-Point. 127. Dryness and Damp- 
ness. 128. Hygrometers. 129. Mass of Aqueous Vapour. 130. Con- 
densation of Aqueous Vapour. 130(a). Rain-guage. 


CHAPTER VII 
TRANSMISSION OF HEAT 


131. Modes of Transmission. 132. Conduction. 133. Ther- 
mal properties of some materials : Davy's Safety Lamp : Other 
illustrations. 134. Comparison of Conducting Properties. 135. 
Thermal Conductivity. 136, Thermal Conductivity and Rate of 
Rise of Temperature. 137. Comparison of Thermal Conducti- 
ity. 138. Determination of Thermal Conductivity of Solids. 139. 
Conductivity of Liquids and Gases. 140. Convection. 141, Conyec- 
tion Currents in Liquids. 142. Convection of Gases. 143. Ventila- 
> tion. 144, Natural Phenomena : Winds, Land and Sea Breezes, 
| Trade Winds. 145. Distinction between Conduction, Convection 


PAGE 


460 


475 


xiv 
. 


+ 


Applications of Absorption and Emission. 154. Radiation Pyro- 
metry. 155. Dewar’s Flask. 156. Heat Loss by Radiation : New- 
ton’s Law of Cooling. 156(a). Prevost’s Theory of Exchanges. 
157. Air-Conditioning. 


CHAPTER IX 
MECHANICAL EQUIVALENT OF HEAT: HEAT ENGINES 
a 


J} 

158. Nature of Heat. 159. Heat and Mechanical Work. 160. 
Mechanical Equivalent of Heat. 161. Determination of J. 162. 
Work done by a Gas. 163. Energy given out by steam. 164. 
Conversion of Heat into Mechanical Energy : Boilers : Safety 
Valve : Speed Regulation : Crank and Fly-wheel. 165. The 
Steam Engine. 166. The internal Combustion Engine : Otto 
Cycle. 167. Different Internal Combustion Engines. 168. Ther- 
mal Efficiency of an Engine: LHP., B.H.P. : Mechanical Effi- 
ciency. 169. James Prescott-Joule. 170. James Watt. 


> 


PART Il 
X SOUND 


CHAPTER I 
PRODUCTION AND TRANSMISSION OF SOUND 


1. Definition of Sound. 2. Propagation of Sound (a material 
medium necessary). 3. Essential Requirements for Propagation 
of Sound. 4. Propagation of Sound. 5. Representation of a 
Sound-wave. 


CHAPTER II 


WAVE-MOTION : SIMPLE HARMONIC MOTION 


6. Wave-motion : Transverse and Longitudinal Waves: 
Progressive Waves : Representation of transverse and longitu- 
dinal wave-motion : Demonstration of wave-motions. 7. Graphi- 
cal Representation of a Sound-Wave. 8. Some Important 
Terms: Frequency, Amplitude, Phase, Wave-length, Wave- 
front, and Period. 9. Velocity of Sound-waves. 10. Simple Har- 
monic Motion. 11. Equation of Simple Harmonic Motion. 12. 
Velocity and Acceleration in S.H-M. 18. Characteristics of 
Progressive Wave-motion. 14. Characteristics of S. H. M: 15. 
The Displacement Curve of a S. H. M. 16. Examples of S.H.M. 


17. Importance of S.H.M. 18. Sound is a Wave-motion. 19. 


Expression for Progressive Wave-motion. 


PAGE 


XV 


CHAPTER III 
VELOCITY OF SOUND 


——— 


20. Velocity of Sound in Air, 21. Experimental Determina- 
tion of Velocity of Sound in Air. 21(a). Velocity of Propaga- 
tion of Sound through rare Gases. 22. Newton's Formula for 
the Velocity of Sound. 23. Calculation of Velocity of Sound in 
Air at N.T.P. 24. Laplace’s Correction. 25. Effect of Pressure, 
Temperature, and Humidity on the Velocity of Sound in a Cds. 
26. Velocity of Sound in Different Gases. 27. Velocity of Sound 
in Water. 28. Velocity of Sound in Solids. 29. Hydrophone. 

30. Sound-Ranging. 31. Determination of Ship’s Position. 


CHAPTER IV 
REFLECTION AND REFRACTION OF SOUND 


32. Sound and Light Compared. 33. Reflection of Sound. 
33(a). Practical Examples, 34. Echo. 35. Echo Depth-Sounding 
36. Nature of the Reflected Longitudial Wave. 37. Refraction 
of Sound. 

CHAPTER V 
RESONANCE : INTERFERENCE : STATIONARY WAVES 


38. Free and Forced Vibrations. 39. Resonance. 40. Reso- 
nance of Air-Column. 41. Sounding (Resonance) Boxes. 42. 
Resonators. 43, Sympathetic Vibration. 44. Interference of 
Sound. 45. Beats. 45(a). Number of Beats heard per second is 
equal to Diff. between two Frequencies. 46. Tuning Instru- 
ments. 47. Determination of the Frequency of a Fork by the 
Method of Beats. 48. The Conditions of Interference of two 
Sounds. 49.. Experimental Demonstration of Acoustical Inter- 
ference. 50. Progressive and Stationary Waves. 51. Progressive 
and Stationary Waves Compared. 52. Hermann Helmholtz. 
52(a). Supersonic or Ultrasonic Waves. 


CHAPTER VI 


MUSICAL SOUND: MUSICAL SCALE: DOPPLER EFFECT 


53. Musical Sound and Noise. 54. Characteristics of Musi- 
cal Sound. 55. Deter. of Pitch. 56. Musical Scale. 57. Some 
Acoustical Terms. 58. Tempered Scale. 59. Doppler Effect. 


CHAPTER VII 
VIBRATION OF STRINGS 


i 60. Vibration of Strings. 61. Reflection of Waves in Trans- 
E Vibration. 62. Stationary Waves in a String. 63. Velocity 
f Transverse Waves along a String. 64, Frequency of Trans- 


verse Vibration of Strings. 65. Laws of Transverse Vibration of 


PAGE 
545 


559 


581 


. PAGE | 
Strings. 66. Experimental Verification of the Laws of Transverse f 
. Vibration of Strings. 67. Notes in Tuning. 68. Deter. of Pitch 
by Sonometer. 69. Certain Terms (Note, Tone, Fundamental, 
Overtone, Harmonic and Octave). 70. Harmonics of a Stretched 
String. 
Natt CHAPTER VII 
VIBAATIONS OF AIR COLUMNS : LONGITUDINAL VIBRATIONS 
OF RODS (DUST-TUBE EXPERIMENT) 

71. Stationary Vibration of Air-Column within Organ 604 
Pipes. 72. Fundamental of a Closed and of an Open Organ 
Pipe of the same length. 73, Effects of Temperature and Mois- 
ture on, the Pitch of an Organ Pipe. 74. Positions of Nodes and 
Antinodes in an Open Organ Pipe. 75. Determination of Velo- 
city of sound by Resonance of AirColumn. 76. Longitudinal 
Vibration of Rods. 77. Kundt’s Dust-tube Experiment. 77(a). 
Se of the Frequency of a Fork by Stroboscopic 
wheel. ’ 


CHAPTER IX 
MUSICAL INSTRUMENTS : PHYSIOLOGICAL ACOUSTICS 
78. Musical Instruments. 79. ‘The Phonograph. 80 The 619 


Gramophone. 81. The Ear. 82, How we hear. 83. The Human 
Voice. 
APPENDIX (A) 
AERONAUTICS 
CHAPTER 1 
THE ATMOSPHERE 
1. Aerodynamics and Aeronautics, 2. Facts about the At- 626 
mosphere. 
CHAPTER It 
AIR: RESISTANCE 
3. Streamlines. 4. Effect of Shape. 5. Resistance to Motion : 628 
Eddy Resistance : Skin Friction. 6. Resistance Formula. 7. 
Bernouilli’s Theorem. 8. Venturi“Tube Experiment. 
CHAPTER III 
AEROFOILS (OR WINGS) : FLAT AND CAMBERED SURFACES : 
LIFT AND DRAG 


9, Principles of Flight. 10. Flat Plate inclined to Air-current. 632 
11. Aeroplane and Kite. 12. Cambered Surface, 13. Some defini- 
tions : Leading Edge : Trailing Edge : Chord : Camber : Angle of 


xvii ls 


Attack : Span : Aspect Ratio, 14. Airflow past an Aerofoil. 15. 
The Centre of Pressure. 16. Lift and Drag. 17. Lift and Drag 
Formule. 18. Factors affecting the Lift-Drag Ratio. 19. Lift and 
Drag Curves. 20. Lift-Drag Ratio Curve. 21. Stalling. 22. Aero- 
foil Characteristics. 23. The Ideal Aerofoil. 24. Normal Hori- 
zonal Flight. 25. Conditions of Equilibrium. 


CHAPTER IV 


AEROPLANES AND THEIR CONTROLS: 
MANOEUVRES i 
26. Component Parts of the Aeroplane. 27. The Propeller 
or Air-Screw : Pitch : Pitch Angle : Efficiency. 28. Fixed Pitch 
and Variable Pitch Air-Screws. 29. Stability and Balance. 30, 
Stability. 31. Control. 32. Stability and Control. 33. Manceuvres. 
34. High Altitude Flying. 


APPENDIX (B) 
Ammonia Ice Machines 
APPENDIX (C) 
TRIGONOMETRICAL RATIOS 


1. Trigonometrical Ratios. 2. Values of Trigonometrical 
Ratios. 3, 4 & 5. Values and relations between Trigonometrical 
Ratios. 6. Signs of Trigonometrical Ratios. 7. Trigonometrical 
Ratios of the Sum and Difference of two Angles. 8. Solution of 
Triangles. 


APPENDIX (D) 
GRAPHS 1e 
PHYSICAL TABLES S 
INDEX 


640 


650 


654 
659 


. ivi 


ABBREVIATIONS 


The following abbreviations have been used in the text in connection 


ey 


with examination questions 


A. B—Ajmer Board 

All—Allahabad University 

And. U.—Andhra University 

Anna, U—Annamalai University 

Banaras (or B.H.U.)—Banaras Hindu University 
Bibar—Bihar University 

Bomb.—Bombay University 

© U.—Calcutta University 

C. P.—Central Province University 
Dac.—Dacca University 

Del. U. (or Del.}—Delhi University 

Del. H. S—Higher Secondary Board, Delhi 
E. P. U. (or East Punjab)—East Punjab University 
G. U. (or Gau.)—Gauhati University 

Guj. U.—Gujrat University 

M. B. B.—Madhya Bharat Board 

M. U.—Madras University 

Mysore—Mysore University 

Nag. U.—Nagpur University 

Pat. U—Patna University 

Poo. (or Poona)—Poona University 

P. U.—Punjab University 

Rajputana (or R. U.)—Rajputana University 
U. P. B.—Uttar Pradesh Board 
Utkal.—Utkal University 

Vis. U.—Viswavarati University. 


PART I 
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INTRODUCTION , 


1. The Five Senses, and Knowledge :—We possess a number 
of bodily faculties called the senses, viz. the senses of sight, hearing, 
smell, taste, and touch, which give us ability to gain experiences 
in this universe. All that we know, collectively called knowledge, 
is derived from these experiences. In other words, knowledge is 
based on the sense-perception. The senses remain in a crude form 
in Childhood and in normal cases develop more and more as the age 
advances. Maturity is thought to be attained when these sehses begin 
to act properly or fully. 

2. The Sciences, Basic and Subsidiary :—Literally, , the word 
science means knowledge. By usage, however, any knowledge is not 
called science now-a-days. Science means today what is called 
sustematised and formulated knowledge. It has been classified 
according to certain principles. In order to understand these 
principles we have to remember that our universe consists of matter 
and energy only, matter again partly consisting of living beings and 
partly of inanimate realities. These all are collectively called the 
nature. So what we call natural science or natural philosophy 
concerns with all the phenomena in nature, the phenomena being 
partly biological and partly physical. The biological sciences doal 
with the living beings and energy mainly, while the physical sciences 
deal more with inanimate matter and energy, though there is no sharp 
frontier dividing the two. The physical sciences consist of the two 
main divisions; Physies and Chemistry. These two sciences have 
grown more or less independently as if they belonged to two different 
schools of thought , though essentially their mission is the same, 

The natural. sciences are the basic sciences from which all other 
subsidiary sciences such as Engineering, Agriculture, Medicine, 
Astronomy, Aeronautics, Geography, Geology, ete. have sprung up. 
As time will pass, other hranches of specialised subsidiary sciences 
are bound to come forward as the usefulness of the same for human 
cause will he more widely appreciated. In following up the natural 
sciences, hoth basie and sub-idivry, the importance of another science 
namely Mathematies, which is the most basic of all sciences, cannob 
be overstated. 
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3. The Object of Physics :—The physical sciences, as already 
stated, deal primarily with inanimate matter and energy only. 
Inanimate matter and energy exist in different forms in the different 
parts of the universe. The object of Physics is to study the properties 
of both of them and their inter-relations. Their inter-relation is 
oftentimes very subtle and cannot be easily traced. There are a 
multitude of phenomena in nature which are still obscure, and our 
physical sciences, though they are considerably advanced to-day, 
have not yet been able to explain them. ‘These obscurities in nature 
which’ remain to be clarified form what we often call the mystery of 
the universe. The ultimate object of Physics is to solve these 
mysteries and to reveal the nature. In what we have said above, we 
have not included the obscurities or mysteries of the domain of life. 


4, Matter and Energy :—Matter js anything which exists in 
nature occupying some bulk (i.e. volume) and can be perceived by 
one or more of our senses. As will be known later, after the 
consideration of Newton’s Laws of Motion (Art. 78), its effect is to 
offer resistance to causes which tend to produce a change in its 
position, configuration or motion. The water, the air and the 
vegetations are only some different kinds of matter, Ninety-oda 
different elementary kinds of matter haye been recognised in our 
modern physical sciences and they, by combination, constitute the 
whole material universe. The quantity of matter in a given volume 
called tho mass of it, remains the same even if the volume, or shape 
is altered by external causes. That is, matter refers to the stuff and 
not to the volume or shape, For example, a piece of wool can be 
compressed to occupy a smaller volume but the mass of it remains 
the same as before. This shows that matter is capable of extension 
or compression. Ordinarily, matter has weight, but the weight is 
nos an inherent property of matter. For the weight of a given piece 
of matter does really arise on account of its position with respect 
to the earth and when that position changes, the weight changes. 
We have even the possibility of the weight becoming zero at cortain 
situations. Mathematically, one such situation is when a given piece 
of matter can be placed at the centre of the earth. But even then 
the mas of it will remain the same though it will lose all its weight. 
Thus though the weight is a very common property of matter, it is 
not an essential property. 


Energy, liko matter, is something which exists in nature, though 
in different kinds. It pervades throughout this universe but has no 
bulk to be perceived by our senses. It has also no weight and knows 
no extension or compression. But what is to be remembered is that 
work, whatever be its nature can never be produced without expendi- 
ture of energy. Energy is, therefore, defined as the cause of work. 
So energy and work are synonymous, i.e what is energy is work 
and what is work is energy. That is the reason why energy is 
quantitatively measured by work. As work may bo of various types, 
the corresponding energies are differently named, depending on the 
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type of work. The main divisions of energy are: mechanical energy 
(energy possessed by matter on account of position, configuration or 
motion), heat energy, sound energy, light energy, magnetic energy, 
and electrical energy. Each one of them is transformable into any 
other form or forms and this shows the ultimate identicality between 
different kinds of energy. 


5. Sub-divisions in Physics :— The subject of Physics is, for 
convenience, usual'y divided into the following branches =e e- 


(1) General Physies, (2) Heat, (3) Sound, (4) Light, (5) Magne- 
tism, and (6) Electricity. 


Of these “branches, ‘General Physics’ deals with the general 
properties of matter and energy, while the rest deal with the detailed 
study of energy in special forms. 


6. Measurements :- The physical sciences are called exact 
sciences, for they give us accurate knowledge. This exactness or accuracy 
comes from what are called measwrements. The study of Physics 
inyolved measurements of various types at every stage. So Physics 
is often called the science of measurements, The prinfiples and 
techniques of measurements have grown asa very important branch 
of Physics. Precision measurements have revealed far-reaching 
results in our physical sciences and so stress is always véry rightly 
laid on the precision or accuracy in measurements. 


The keynote of progress everywhera and so in precision 
measurement also, is exact comparison. To enable comparisons, 
it is necessary to establish and maintain concrete and exact standards 
of measurement. The maintenance of exact standards is necessary 
for another reason too. Industries today cover a wide field of 
scientific applications, and some of them have attained a high 
degree of perfection. They have constantly to improve their 
products if they are to exist in a competitive market. As a result 
they make a constant demand on the scientists to provide them 
with more accurate tools or standards for checking the articles they 


manufacture. 


7. Units and Standards :— In making a measurement of any 
physical quantity, some definite and convenient quantity of the same 
kind is taken as the standard, in terms of which the quantity asa 
whole is expressed. This conventional quantity used as the standard 
of measurement is called a Unit. The numerical measure of a given 
quantity is the number of times the unit for it is contained in it. 
Thus, when we say that a stick is 5 feet long, what is meant is that 
a certain length, called the foot, has been taken as the unit for 
measurement and the length of the stick is 5 times of it. 


Eyery physical quantity requires a separate unit for its measurement 
and so the number of units we have to deal with is as many as there 
are physical quantities of different kinds. 
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The actual realisation of a unit for any physical quantity requires 
the establishment, construction, and maintenance under specified 
conditions of a prototype of it, called its primary standard on which 
it is based. The unit may be equal to a multiple, or a sub-multiple 
of the standard for practical reasons. The standards need not be as 
many as there are physical quantities, for all the physical quantities 
wo have to deal with, are not independent quantities. 


8. damental and Derived Units :—The unit for any physical 
quantity can be derived ultimately from the units of length, mass and 
time. Moreover, these three units are independent of each other. So 
these three units are called the fundamental wnits, and the units of all 
other physical quantities, which are really based on these three units, 
are termed tho derived wnits. 


Derivation of other units from the fundamental units.— 


The unit of area is the area of a square each side of which is of 
unit length ; and the unit of volume is the volume of a cube, each 
side of which is of unit length. So the unit of area, or that of volume, 
is derived from the unit of length which is a fundamental unit. 

Again, a body has unit speed when it moves over unit length in 
unit time. Hence the unit of speed is derived from the units of 
length and time. Similarly, the unit of foree is derived from the 
units of length, mass, and time. Thus the units of area, volume, 
speed, force, etc. are all derived wnits. Not only all other mechanical 

- units, but also the units of all non-mechanical quantities, magnetic, 
electric, thermal, optical, acoustical, can, with the help of some 
additional notions, ultimately be derived from the abové three mecha- 
nical units. This shows the true fundamental nature of these three 
units. The derived units ordinarily bear simple relation to the three 
fundamental units. 


9. Two Important Systems of Fundamental Units :— 
(i) The C. G. S. System (Metric System) ; 
(ii) The F. P. 8. System (British System). 
In the C.G.S. system C stands for Centimetre (cm.) as the unit 


of length, G for Gramme (gm.) as the unit of mass, and S for Second 
(sec.) as the unit of time. 


In the F. P. S. system, F' stands for Foot (ft.) as the unit of 
length, P for Pound (lb.) as the unit of mass, and S for Second (sec.) 
as the unit of time. 


9(a). Practical Units and Absolute Units :— It is often found 
that some derived units are inconyeniently large or inconveniently 
small. In such cases some sub-multiple (when the derived 
unit is too large) or some multiple (when the derived unit is too 
small), is used as a unit for the sake of convenience. Such units are 
termed Practical Units whilst those derived directly from the centi- 
metre, gram, and second (or the foot, pound, and second) are termed 
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Absolute Units, thé system of measurements being called the 
absolute system. 
10. Standard Notations :— 
PREFIXES MEANING 


Sub-multiples 
Micro 


1,000,000 | 
1 


Milli 7000 
1 

100 
1 = 
10 


Centi 
Deci ot 


Multiples 
10 
1 
100 


Deca 
Hecto 
Kilo 


Mega 


11. The Fundamental Units, their Multiples sad Sub- 
multiples :— 


The fundamental units are those of length, mass and time, i.o. 
(A) The Unit of length, (B) The Unit of mass, and (C) The Unit 
of time. 

(A) The Unit of Length.— 

(1) In the C.G.S. system, the unit of longth is the centimetre 
(em.) which is z$oth part of a standard 
length, called the International Prototype D 
Metre (m).* The Prototype Metre is 
preserved at the International Bureau T 
of Weights and Measures at Se’vres, near g 
Paris. The prototype metre is the distance 
at 0°C. temperature between two parallel k 
lines engraved on the central flat portion 
of a platinum-iridium bar of special a-form Fig. 1 


the original standard, which was intended to be equal to 10-7 or one-ten- 
millionth of the distance (measured over the earth's surface along the meridian 
through Paris) from pole to equator. According to Clarke, the correct length 
of a quadrant of the earth= 10007 x 107 metres; the mean of the values obtained 
by Helmert and the U. S. Survey for the mean polar quadrant is 1:00021 x10" 
metres. The length of the prototype bar as constructed is an arbitrary standard. 
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METRIC TABLE OF LENGTH 


1 millimetre = rogo metre (1 mm. =0'001 m.) 
10 millimetres =1 centimetre (1 em. =0'01 m.) 
10 centimetres = į decimetre (1 dm. =0'1 m.) 
10 decimetres ` =] metre (i m.) 

10 metres =1 Decametre (1 Dm. =10 m.) 
10 Decametres , =1 Hectometre (1 Hm. =100 m.) 
10 Heeiziiaetres > =1 Kilometre (1 Km. =1000 m.) 


1 millimetre=0'l — centimetre= 0°01 decimetre= 0'001 metre 
Henco the multiples or sub-multiples of a unit in the metric 
system can be obtained by suitably shifting the decimal (Latin, 
Decem=10) point. Thus the Metric is a decimal system. 
(2) In the F.P.S. system, the unit of length. is the foot which is 
one-third of a standard length, called the Imperial Standard Yard. 


The Standard Yard is defined as the distance at 62°F. between 
the central transverse lines 


38” in two gold plugs in a 

eae 2 eer all bronze bar, the Imperial 

VIG. Yad) Standard Yard, when sup- 

CLM lds ported on bronze rollers so 

> i as best to avoid flexure of 

Fig. 2 the bar (Fig. 2). The bar 

is of one inch square section and is 38 inches long, and the defining 

lines are at the bottom of two holes so as to be in the median plane in 

the bar. The standard is kept at the standards Office of the Board of 
Trade, Old Palace Yard, London. 

British Table of Length 


1 Mil. =107* inch. 
12 inches = 12" 1 foot (f6.)=1’ 
3 feet =1 yard (yd.) 
920 yards =1 furlong. 
8 furlongs =17°0 yards=1 mile. 
6 feet =1 Fathom. 
Table of Equivalents 


{ol 


Ì metre = 89°87 inches 
1 km. = 0'621 mile. 
1 mile = 1°609 km. 
linch = 2°54 cm. 

1 foot = 30°48 cm. 


Units of Length for very large Distances 
(Astronomical distances) 


1 Astronomical unit=1'495 x 10° km. 
=9°289 X 107 miles. 
1 Parsec=3'083 X 101 êkm. = 1°916 107° miles. 
Light-year = Distance travelled by light in one year 
= 0'381 Parsee = 5'94 X 10** miles. 
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Units for small Lengths (Wavelength of Light, X-rays, ete.) 


1 Micron ( u) = 1074 cm. This unit is used in the eer 
1 Millimicron (formerly ##, now-a-days mu) = 1077 
=1 Micromillimetre, 


o o o 
1 Angstrom (A) or Angstrom unit (A.U.) = 107° cm. 
= 107?° metre. 
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o 
-Angstrom is also called the “tenth metre” in America. This unit 
is used ordinarily in the visible region of the table of wavelengths. 


1 X-ray Unit (X.U.)=107?! em. This is used in the X-ray region. 
Conversion.— 


o 
5896000 X.U. = 5896 A.U.=589'6mu 
= 05896 u= 000005896 cm. 


(B) The Unit of Mass.— The mass of a body is the quantity 


of may in it. 
| (1) Inthe C.G.S. system, the unit of mass is the gramme (also 


written gram) which is To00 sooth part of a standard mass, called the 
e 


International Prototype Kilogramme. 

The international prototype kilogramme is the mass ofa cylinder 
| of platinum-iridium preserved at the International Bureau of Weights 
and Measures, Sevres near Paris. This is a copy of the original 
Borda Kilogramme, the Kilogramme des archives. This lattor was 
intended to be equal to the mass of the cubic decimetre of pure water 
at its maximum density, i.e. at~about 4°C. Recent determinations 
| reveal that’ the standard as constructed does not fulfil this definition 
| exactly. 

Note that originally in the metric system there was a connection 
between the. unit of mass and the unit of volume but the modern 


standard is arbitrary, though for ordinary calculation the relation is 
assumed true. For rough calculations the mass of 1 cubic centimetre 
(c.c:) of water is taken equal to 1 gram. 

i METRIO TABLE OF MASS 
1 milligram = x00 gram (1 mgm.=0'001 gm.) 

10 milligrams =] centigram (1 ogm. =0'01 gm.) 
10 centigrams =1 decigram (1 dgm. =0°1 gm.) 
10 decigrams =1 gram 
10 grams =1 Decagram (1 Dgm.=10 gm.) 
10 decagrams =1 Hectogram (1 Hgm.=100 gm.) 
10 Hectograms =1 Kilogram (1 Kgm.= 1000 gm.) 


Here, also note that 1 milligram=0'l centigram=0'01 decigram= 
0'001 gram. That is, the units are altered to multiples or sub- 
multiples by suitably moving the decimal point. 
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(2) In the F.P.S. system, the fundamental unit of mass is the 
Pound Avoirdupois. It is the mass of a standard known as the 
Imperial Standard Pound (marked “P, S. 1844, 11b.”) consisting of 
a platinum cylinder preserved at the Standard Olfice of the Board of 
Trade, Old Palace Yard, London. 


British Table of Mass 


< "16 drams (dr.) =] Ounce (oz.) 
16 Ounces =1 Pound (\b.) 
28 Pounds =1 Quarter (qr.) 
4 Quarters =1 Hundred-weight (ewt.) 
20 Hundred-weights =1 Ton ('L.) 


1 Pound Avoirdupois (lb.) =7000 grains. 
1 Pound Troy (Jewel!ers’ or Apothecaries’ weight) 
= 5700 grains, 


Conversion Table 


“> 1 grain =64'8 mgm. 

1 ounce =28'35 gm. 

1 pound (!b.) =4536 gm.=0°4536 Kgm. 
~*~ 1 Kem. = 2'205 ib. 

1 Ton (T.) =20X 4 X 28= 2240 Ibs. 


The Indian “tola” has a weight of about 12 grams ; so “one seer” 
or 80 tolas is equivalent to 960 grams, which is nearly equal to one 
Kilogram, or 1000 grams. 


(C) The Unit of Time.—The unit of time is the mean solar 
second in both the C.G.S. and F:P.S. systems. It is based on the 
mean solar day* as the standard of time. The mean solar day is 
divided into 24 hours, an hour into 60. minutes, and a minute into 
60 seconds. Therefore the mean solar day is equal to 246060 
(=86,400) mean solar seconds. That is, a mean solar second is 
86,400th part of the mean solar day. 


The sun appears to us to move across the sky because of the 
diurnal rotation of the earth about its polar axis. Tho meridian ata 
place is an imaginary vertical plane through it, and so the sun is 
said to be in the meridian when it attains the highest position in 
course of the apparent journey in the sky. The Interval of time 
between two successive transits of the centre of the sun's disc across 
the meridian at any place is called a solarday. The length of this 
solar day varies from day to day owing to very many reasons but it 
has the same cycle of variations repeated after a solar year which is 

*Since the 1956 meeting of the International Committee of Weights and 
Measures, the mean solar second, the fundamental unit of time has been altered 
from being a fraction of the mean solar day to a fraction of the year, the 
accepted standard year being 1900. 
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365% days approximately. The mean value of the actual solar days 
averaged over a full year is called the mean solar day. An ordinary 
clock, watch or chronometer keeps the mean solar time, and is 
regulated against standard clocks and chronometers controlled under 
specifie conditions. 


The Sidereal Day.—The interyal of time between two successive 
passages of any fixed star across the meridian at any place is a cons- 
tant time and is known as a sidereal day. It iséhorter4han the 
mean solar day by about 4 mean solar minutes. The mean solar 


second is actually 86 eo 10 of a sidereal day. 


12. M. K. S. Units :— In this system, the units for length, mass, 
and time are the metre, kilogram, and second, respectively. For 
further details, see Appendix. 


13. Advantages of the Metric (C.G.S.) System J (1) Each 
unit is exactly ten times the next smaller unit. Hence the reduction 
from one unit to another is effected simply by a proper shift of the 
decimal point. Thus 1°234 metres = 123°4 cm. = 1,234 mm. 

But, in the British system, cumbersome multiplications and 
divisions are necessary in reducing one unit to another, ¢. g. from feet 
to inches, ounces to pounds, etc. 


(2) The units of length, volume, and mass are conveniently 
related. Thus, knowing that the mass of one cubic centimetre of 
water at 4°C. is one gram, we can write down at once the volume of 
any amount of water in cubic centimetres, if we know its mass in 
grams, and vice versa. 

For example, the mass of 10 litres or 10,000 cubic centimeres of 
water = 10,000 grams; and the vo'ume of 10,000 grams of water= 
10,000 cubic centimetres (or 10 litres). In the British (F.P.S.) system 
inconvenient constants have to be remembered, viz. the mass 
of 1 cubic foot of water=62°5 pounds, 1 quart = 69°278 cubic inches, 
eto. 

(3) The system has been adopted in all countries by scientific 
men. 

14. Dimensions of Derived Units :— The relation of the unit 
of any physical quantity to the fundamental units (length, mass, and 
time) of any absolute system of measurement is indicated by what 
are known as the dimensions of the unit concerned. The dimensions 
do not represent any exact amount but only show the nature of the 
relationship. 

A numerical quantity has no dimensions, for it is unrelated to 
the fundamental units. Because breadth or height is a length only, 
they have the dimension of length. A special kind of symbol is 
used to indicate the dimension of any physical quantity. Symboli- 
cally, the notation [.,.] stands for the unit of a physical quantity, 
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and the physical quantities, length, mass, and time are represented 
by their initial letters, L, M, and T. If, suppose, V represents the 
numerical value of a volume, the unit volume will be indicated by [V]. 
The dimension of volume will, therefore, be given by [L*.M°.T°.] or 
simple [L$], for a unit volume is [unit length X unit breadth x unit 
height] or [4x Lx] or [Lë]. Thus volume is said to have three 
dimensions in respect of length, and is independent of the units of 
mass and time... Similarly, as speed (v) is distance divided by time, 


the dimensions of speed will be given by [E] [era]. Equations 


such as, [V] = [L°M°T°], or [v] = [LT7"], are called dimensional equa- 
tions, for they tell us the relation between the derived units, (volume, 
speed, ete.) and the fundamental units, length, mass, and time of any 
system of measurement. These dimensional equations are of two- 
fold use to us : 


(a) They provide us with means by which we can convert any 
physical quantity expressed in the units of one absolute system into 
those of any other absolute system. 


(b) Thêy afford us a means of testing the accuracy of the line of 
reasoning we use in arriving at an equation connecting different 
physical quantities. An equation, showing the connection between 
different physical quantities, is correct when the dimensions on either 
side of the equation are the same. 


Some Dimensions :— 


velocity] __ [distance] _ [L] _ 


Pasi ARA 
[Acceleration ] Ttime] [timex time] 7 [T7] (L072), 
[Frequency] = umber] =(T""], as number has no dimensions. 


(Co-efficient of Linear Expansion] 


S Change in length] _ i 
[Original length x change of temperature] 


eres LT e 
LL] x [degrees 
Qa 
A(O,-60)* T 
_ [unit of heat] x [L] _ 
[L*] x [degree] x [T] à 
= [unit of heat] x [L71] x [T>] x [degree™*]. 

15. General Maxim of Physical Sciences :— The physical 
sciences are generally also referred to as experimental sciences for 
the conclusions arrived at by mathematical or mental reasoning in 
these sciences require to be verified experimentally for their final 
adoption. In such cases deductions precede experimentation. Experi- 


= [degree™*]. 


[Conductivity] = 


VP 


INTRODUCTION 1 


ments, in the past, oftentimes led to discoveries explained by 
reasoning afterwards. In our physical sciences instances of the 
latter process are, however, far more numerous than those of the 
former. Any way, experiments are the very basis of our physical 
sciences. An experiment is an act of studying a number of conditions 
that seem to govern or produce a result of event. Tt is preceded by 
some theorising, studied by records of observations and concluded by 
som inference. But the foundation of all our experimental investi- 
gations is the universal masim: the same cause will always produce 
the same effect. The meaning of it is that if a certain event takes 
place under a given set of conditions, then if at any time exactly 
the same conditions arise, an identical event must result, As a 
corollary, if one or more of the conditions remains inoperative, the 
result will differ. The object of our experiments is often to know 
how the results differ under different sets of conditions. 


Examples: 1. The height of the Everest is 29,002 ft. What is it in 
kilometres ? 


ain *1'609 Km. t 
=8'8387 Km. 
... The height of the Everst is 8'837 Km" 
2. The mass of the sun is 19'72x10** gm. What is its mass in tons 
Ans.: 19°72%10°4 gm. =19°72 x10"! Kgm. 
=19°72 x 10*! x 2'205 Ibs. 
= 19°72 X 108? x2°205 
2240 
=1'941x10?® tons, 
, The mass of the sun is 1'941 x 10?° tons. 


Ans.: 29,002 ft.= 


tons. 


y Questions 
1, Name the systems of units commonly used for the measurement of 
physical quantities. Which of them is more scientific, and why? 


Explain, with examples, what you mean by Fundmental Units, Derived 
Units, and Practical Units as distinct from Absolute Units ? (Pat. 1983). 


2. Name the prefixes employed with metric units and show how much 
they increase or decrease the value of the units. What are the advantages of 
the metric system ? 


3. What do you mean by an apparent solar day and a mean solar second ? 


—— 


CHAPTER II 
MEASUREMENTS 


16. Measurement of Length :—The type of work and the 
accuracy necessary in it decide which appliances are to be used for 
the measurement of a length. The different types of appliances in 
use are, therefore, described below according to their suitability for 
particular work, namely (a) Field work, (b) Workshop practice, and 
(c) Laboratory, work. There can, however, be no restriction on any 
of theseiippliancés being used, according to necessity, for a type of 
work other than that under which it is placed below. 

17. Different Types of Appliances for Measurement of 
Length :— 

(a) Field Work.—In field work, such as survey work, ete. 
long distances, sometime along curved routes, are to be measured, 
For such work, the chain and the tape are generally used. 

Gi) The Chain.— Ordinarily it is of two kinds, either the 
Gunter Chain (which is 66 
ft. in length), or the 100 ft. 
chain. Metre chains are also 
used in many countries, All 
chains are divided into 100 
equal links so that each Gunter 
link is 0°66 ft. long, i.e. 7°92 
inches, and each link of the 
100 ft. chain is 1 foot. The 
‘making-up’ or folding of 
the chain, if done properly, 
gives the chain, when not in 
use, a neat appearance as 
shown in Fig. 3. Moreover, 
3 : ‘ proper making-up is necessary, 

Fig. 3—Ohain and Pins. for otherwise there may be 
bending of the links. In order to mark the end of a chain length 
an arrow or pin is used. It = 
iS a stout wire pointed at 
one end for sticking into 
the ground and formed in- 
to a loop at the other. The 
total length of a pin is 
about 14”. A bunch of 
them “is also shown in 
Fig. 3, right. 


The chain is made of 
thick iron or steel wire. It 
consists of links connected 
to each other. Each link 
has three small oval rings. 


Fig, 3(a)—A Link, 
The centre of the middle ring is the end of the link ag shown in 


if 
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Fig. 3(a). The ends of the chain are formed with brass handles which 
are connected to the wire links by swivel joints. The first link is 
measured from the back of the handle as shown by the pin in Big, 3la): 
As all links in the chain look alike, they are marked at each tenth link 
with a brass tag. 


In measuring a length, the chain is placed along the route avoid- 

ing sag. The entire distance is measured chain after chain. 
oma 

(ii) The Tape.— Linen tapes are also used in taling méasure- 
ments of main lines but usually they are used for taking measure- 
ments from the chain line in any given 
direction, usually at right angles to it. 
Linen tapes are ordinarily made in 50 
ft., 66 ft. and 100 ft. lengths. They are 
marked in feet and inches on one side 
and the 66 feet tape has also 100 parts 
marked on the reverse sides. Steel 
tapes are also made in those sizes. 
Generally their graduations are correct 
at 62°F. They are often used for 
checking up the accuracy of linen tapes. 
Usually they are neatly rolled upon a 
spindle inside a flat-shaped circular 


Fig. 4—Tayr 

leather box. The zero-end of the tape projects through an aperture 
in the side (Hig. 4) of the box and has a brass link attached which 
is too large, to slip through the aperture. Any length of the tape is 
drawn out of the box, when necessary, by pulling at this link. 


Comparison of Chain Lengths 
1 Gunter chain =66 fees=22 yards=100 links 
1 Gunter link == 7°92 inches, 
10 Gunter chains = 220 yards. 
80 Gunter chains =1 mile. 


From the above table it is clear that the lengths of athletic tracks, 
namely 220 yds. run, 440 uds. run, 880 yds. run, and the mile run, 
can be conveniently measured by the Gunter chain, being 10, 20, 40 
and 80 chains respectively. 


(iii) The Beam Compass.—In survey work, it frequently 
happens that a length to be represented on the map according to » 
given scale is too large to be dealt with an ordinary divider or a pair- 
of compasses. 


In such cases a beam compass (Fig. 5) is used, Here the length 
of»the beam between the ends of the compasses can he adjusted 
and made as great as required. Wither the pen (or pencil) end A, or 
the pointed end B, can be clamped anywhere on the beam and while 
one is left clamped, the other, kept slack, can be made to slip 
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easily along the beam to set it for a definite length. Some com- 
passes are provided 
with a slow-motion 
screw to enable the 
pencil-piece, when 
clamped roughly to 
the correct length, to 
be moved a little this 
side or that side until 
the exact corre ct 
length is arrived at. 
(b) Workshop 
Practice.—The ordi- 
Fig. 5—Beam Compass. nary workers in 
workshops require handy instruments which may be used by them readily 
without the necessity of arithmetical calculations. For length measure- 
ments, simple callipers and gauges have proved to be suitable. 


(i) The Simple Callipers.—Such an appliance consists of two 
similar pieces of metals hinged together at one end and suitably 
curved at the other end. Fig. 6(a) shows one such instrument com- 
monly used for the measurement of external diameters, and Fig. 6(b) 

2 


Outside Callipers Inside Callipers Combined Callipers 
(a) (2) (c) 
Fig. 6—Simple-Callipers. 


depicts another such instrument used for internal diameters, while 
Fig. 6(c) represents a combined ‘instrument, the upper part 
being used for external diameters and the lower part for internal 
diameters. ` 


The method of use is to stretch out the free ends till their distance 
apart equals the length under measurement, whether the length is 
an external diameter, or internal diameter, or the length of any 
piece. Then this measure taken by the callipers referred to some 
standard gauge for comparison. For turning and boring work in 
workshops, the standards of reference formerly consisted solely 
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of the cylindrical External and Internal Gauges, one pair of which 
is shown in Fig. 7. 


Fig. 7—Internal and External Gauges. 


1 ; 
These gauges are manufactured true to 10,000 inch. The work- 


man sets his callipers to the standard gauge by his sense of touch 
and then transfers it to the job for comparison and makes the finish 
accordingly. The accuracy of the finished job depends on the skill 
and experience of the workman. 


Fig. 7(a)—Internal Limit Ganges. 


(ii) Limit Gauges.— Interchangeable machine parts are the 
growing demands of today. Such parts require to be machined to a 
definite degree of accuracy. To attain this accuracy limit gauges 
are used as standards of reference in modern 
practice. Fig. (a) shows an internal limit . 
gauge. One end of it is slightly smaller than 
the other, the difference in the diameters being 
decided upon by the accuracy to which it is 
intended to work. The principle is that the 
smaller end must go in while the larger end must 
not, if an internal diameter has its proper value. 

The external gauge [Fig. 7(d)] is also similarly A 
usod for turning cylindrical pieces. ( 

(c) Laboratory Work.— 

G) An ordinary Scale-—For ordinary Fig. T(b)—External 
measurements of lengths in the laboratory Limit Gauge. 
where a measurement correct up to a millimetre, or one-«ight, 
or one-sixteenth of an inch is sufficient, an ordinary straight 
scale is direetly used. Such a scale is usually made of box-wood 
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or steel with one edge generally graduated in inches and the other in 
centimetres (Fig. 8). An inch is again ordinarily sub-divided into 8 or 
16, 10 equal parts and a centimetre into tenths, i.e. into ten parts, 
each being a millimetre. 


Fig. 8—An Ordinary Scale. 


The ends of the scale should not be used in measuring a length, 
for they are liable to wear out with use. In making a measurement, 
the seale is to be placed alongside the length under measurement, 
one of the graduations of the scale being made to coincide with one 


end of if and the length is then to be read off from the graduation . 


of the scale coinciding with the other end. If this end does not 
correspond to any mark of the scale exactly, the fraction of a scale 
division is ascertained by eye-estimation. 


Steel scales are usually one foot long while a metric scale isa 
metre scale or a half-metre scale. 


Diagonal Seales and Vernier Seales.— The accuracy of a reading 
is liable to vary from person to person if eye-estimation is used to 
road the fraction of a division. Again, in eye-estimating the fraction 
of a sub-division, a quantity less than ha'f or one quarter of one sub- 
division is difficult to be ascertained without unduly straining the eye. 
Yet in our physical measurements such fraction often require to be 
determined accurately. Two devices have been made available to 
us for such measurements without sub-dividing the small division of 
a scale further; one is the Diagonal Scale and the other a Vernier 
Scale. By them the measurement of the fractional part of a sub-divi- 
sion is mechanically made at a fixed accuracy. 


(ii) Diagonal Scale.— Tho advantage of this scale (Fig. 9) 
js that if the smallest division marked on the scale reads up to, say, 
Yoth unit, it is possible with the help of dividers to read dimensions 
up to rolh unit without farther sub-dividing the smallest units. The 
arrangement is as follows: One extra unit length is extended to 
the left and is divided into 10 equal parts at the top edge and also 
ab the bottom edge. If the smallest sub-division of the scale is 
O'1 unit, to read 0°01 unit with this scale, the zero mark of the extra 
unit length is joined by an oblique line to the 1 mark of the top-edge 


\ 
j 
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l, 2 
and the L mark of the bottom-edge to the 2 mark of the top-edge and 
so on successively. The width of the scale is divided into ten equal 
spaces by lines drawn horizontally ; these para'lel lines are cut perpen- 


Fig. 9—Diagonal Scale. 


dicularly by the lines of unit divisions such as 1”, 2”, ete. The principle 
of measurement is as follows :— 


a 


Consider the AOBA. The distance OC isyo of OB. As OA 
and OB are straight lines, the distance CD must equal yw of BA, 
from the property of a triangle. But BA is 0'l and therefore CD is 
0'01. The lengths on the scale are read off by figures on the bottom 
horizontal line and hundredths by the figures on the vertical line 
at the left end of the scale, For example, any length like 1°04” will 
be obtained by putting the point of one limb of a pair of dividers 
at the intersection of the vertical through the mark 1” with the 
fourth parallel (shown by the point F ) and the point of the other limb 
at the intersection of the 4th parallel with the zero diagonal, i.e., 
the diagonal OA (shown by the point G). Similarly, a length 2°46" 
will be obtained by putting the points of the two limbs of the divider 
at Hand J. 


f OOUE NA 4. OO 
Note.—As already pointed out, OD=BA Xop By making the ratio ob” 


small as we like, we can make OD any small portion of BA. 


(iii) The Vernier— The device carries the name of its inven- 
tor, Pierre Vernier, a Belgian Mathematician. It isa short-scale by 
the help of which the fractional part of a main seale division ean he 
determined mechanically at a fixed accuracy. This auxiliary short 
scale is placed in contact alongside the main scale and can be slided 
along it. 


Verniers may be straight or angular as desired and the method of 
their use is the same. 


Vol. 1—2 
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7 Fig. 10 shows a straight scale the upper edge of whieh is graduated 
in millimetres and is provided with a sliding auxiliary scale repre- 
senting a straight vernier. 
Readings up to one-tenth 
of a scale division may be 
taken with the help of 
this vernier.. The lower 
edge is divided in inches 
and each inch is sub- 
divided again into 8 equal 
parts. A straight vernier 
Fig. 10—Straight Vernier. slides along it. Readings 

up to gx inch may be 


taken with the help of this vernier. 
Fig, 11 shows an angular scale with an angular vernier sliding 
along it, as is found in a spectrometer, sextant, etc. The main scale 


: Main Scale ( degrees ) 


Fig. 11—Angular Vernier. 


is graduated in degrees and each degree is again sub-divided into 2 parts. 
Here the vernier has 30 divisions, and they coincide with 29 divisions 
of the main angular scale. Readings up to 1 minute may be taken with 
the help of this vernier. 

General Theory— The vernier is so divided that a certain 
number n of its divisions is equal to (n-— 1) or (m+1) principal scale 
divisions. 

Tf v=value of one vernier division, s=value of one scale division 
wo have, (nF1)s=nv; or, v= a 


` The-least count = Diff. of s & v=(1/n) x s: 


So the vernier is said to read 1/nth of the scale division. 

N.B. The least count (or vernier constant) of a straight 
vernier is expressed as a decimal millimetre or centimetre but the 
‘yernier constant of an angulr vernier is expressed in minutes or seconds 
and not in decimals. 
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How to use a Vernier.— 


Vernier Type (1).—(i) Find tho value in fraction of an 
inch, or centimetre, or degree in case it is an angular vernier, of the 
smallest division of the principal scale. Let it bo 1 mm., i. e. O'L om. 
in Fig. 12 (Type 1). Sý 

(ii) Count the number of divisions on the vernier, and slide the 
vernier to one end (i. e. to the zero position) of the main scale in 
order to find the number of scale divisions to which these are equal. 
In Fig. 12 (Type 1), 10 venier divisions =9 scale divisions. 


(iii) Calculate the difference in length between one scale divi- 
sion and one venier division. This is the smallest amount—ecalled 
the least count (or vernier constant)—which can be read with the 
help of the instrument. 


Hore, 10 vernier divisions =9 scale divisions. 


1 vernier division = E scale division. 


Least count=1 sc. div, —1 ver. div. m 
9 i 1 
-( 1 ra) sc. diy. “70 8° div, 
Poe ie ae © 
“59% 10 ™ 0'01 cm. (*." 1 sc. diy, =1 mm.) 


(i) Now pub the object AB to be measured on the scale, ono of 
its ends A being at vero, The vernier is then pushed along the scale 
until its zero just touches the opposite end B of the object. Read the 
principal scale just before the zero of the vernier, It is 6 in Fig. 12 
(Type 1). Then the length of the object AB is greater than 0'6 em. 
(but less than 0°7 cm.) by the distance between the 6th division of 
the principal scale and the vernier zero. To get this length— 

(w) Look along the vernier to see which of its divisions coincides 
with a scale division. The 2nd vernier division coincides with a 
scalo division. Multiply this - number by the least count and add this 
to the reading obtained from the principal scale. This is called a 
forward reading (or positive) vernier or an ordinary vernier and 
is the most common form of vernier. 

The value of the fraction of the seale division between the 6th 
and the vernier zero= (2x 0'01) em. = 0°02 cm. 
+. The length of the object=0°6 +002 om, =0'62 cm. 


Verify thus — 
The length of the object AB (Fig. 19)=8 sc. divs. —2 ver. divs. «8 mm, — 
q 9 31 4 
(2 x ige divs. (for 1 ver. aiv=i0 sc. div.)=8 mm, -5mm = “5 mm. =0'62 om. 


Vernier Type (2).—In type 1, a vernier division is smaller 
than a scale division, but sometimes, though very rarely, the vernier 
division may be larger than the scale division such that (n+1) s=nv. 
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“In the second form (Fig. 12, Type 2) we have 10 ver. a ea Se. Oki 
divs. 


1 ver. div.= ly se. div. 
«. Least count=1 ver. div.—1 se. div. = y% sc. div. =0'1 mm.=0'01 em. 


A vərnier division, in this case, is $4 of a scale division, while the 
numbering of the vernier divisions runs opposite to the main scale. 


In measuring a length AC, one end A is put at the zero of the 
scale asin the case of the ordinary vernier, and to the other end 
O, the zero of the vernier is brought. To know the fraction of the 
scale division, by which the zero of the vernier is ahead of the 26th 
mark of the scale, the point of coincidence of any mark of the vernier 


A B 


A CG 


Fig. 12—A combined positive and negative Vernier. 


with a mark of the scale is noted and in the figure this point of 
coincidence is the 4th mark of the vernier. The 8rd mark of the 
vernier thus is ahead of the preceding mark of the scale by O'l unit 
and the 2nd by 0'2 unit, and so on till the zero mark of the vernier 
is reached which must be ahead of the 26th mark of the scale by 0°4 
unit. This is the fraction wanted. So the total length AC is 
26'4 mm.=2'64 cm. 


N.B. What is to be remembered here is that the numbering in 
this second type of vernier must run in a direction opposite to the 
run of the main scale, for if it did otherwise, i. e. had the zero of the \ 
vernier been on the same side as the zero of the main scale, the 
unknown fraction of distance between its zero mark in this condition 
and the preceding mark of the main scale would haye gone on 
increasing by a length equal to the least count at the end of each 
progressive division of the vernier on account of a division of the 
vernier being greater than a main scale division. 


Verniers of Type 2 are called Backward Reading or Negative i 
verniers or Barometric verniers. When they had been invented, / 
they were first fitted to scales attached to barometers and this is why 


g.C.ER.Y., West Beng) 
Pate d a Peete cree 
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they are often referred to as barometric verniers. Such verniers al 
now-a-days very seldom used. 


It will be clear from Fig. 12 (Type 2) that an ordinary vernier 
would haye been useless if used to measure a long length like AC, for 
a greater part of the vernier in that case would have gone outside the 
main scale. Thus, lenghts long enough torun up to the end of a given 
scale cannot be measured with an ordinary vernier. While short lengths 
like AB cannot be measured with a backward-reading vernier, for the 
vernier will, in that case, go out of the zero of the main scale and 
become useless. The backward-reading vernier was fitted to barometers, 

+ for it could work up to the very end of the main scale. 


Note.—All yerniers are not exactly the same as the one described, 
but by adopting the same rules, as given above, any vernier can be 
read. 


18. Measurement of Small Lengths :—In the laboratory the 
following three instruments, namely (a) Slide Callipers, (b) Screw 
gauge, and (c) Spherometer, are commonly used for measuring the 
fractional part ofa main scale division in measurements of small 
lengths. They have their own fields of application depending on the 
suitability of the instrument and the convenience of measuremen\. 


(a) The Slide Callipers.—The principle of the vernier is applied 
toa number of instruments of which the simplest is the slide calipers. 
Fig. 13 shows the arrangements of the appliance. The main scale 


Fig. 13—Slide Callipers. 


has been drawn on a steel frame R at right angles to which there are 
two steel jaws one of which 44, is fixed at one end. The other BB, 
js provided with a vernier and a fixing nut D and is slided along the 
main scale in making a measurement. 


The measurements are in inches when the scale in the upper 
edge is used and are in centimetres with that in the lower edge. The 
object under measurement is put between the jaws (lower jaws for 
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external diameters or lengths, and upper jaws for internal diameters 
or lengths of small gaps) and the sliding jaw is adjusted till the 
material is held between them with the minimum pressure ; in this 
position the sliding jaw is fixed up by the fixing nut D. The position 
of the zero of the vernier is then found with the help of the main 
scale and the yernier as usual. 


Instrumental Error.—When the jaws are in contact, the zero of the vernier 
should coincide with the zero of the main scale. The error that arises, if the 
jaws do not coincide. is called the zero-error or instrumental error. This error, 
therefore, will be equal to the distance of the zero of the vernier from the 
zero of the main scale. It is regarded as negative if the zero of the vernier 
is on the left of the zero of the main scale, i.e. towards the fixed jaw 4A1. 
when the two jaws are just in touch and the correction is positive, i.e. it is 
to be added to the observed reading ; if the zero of the vernier is on the right 
of the zero of the main scale, the error is positive and the correction is 
negative, i.e. it is to be subtracted from the observed reading. Hence the 


correct length=observed length + instrumental error. 


Screw and Nut principle.—The principle is that when a screw 
works in a fixed nut perfectly, the linear distance through which 
the point of the screw moves js directly proportional 
to the rotation given to the screw-head. In other 
words, the liner distance travelled through by the 
point of the screw for one complete rotation is 
constant. This constant is called the pitch of the 
serew which is evidently the distance hetween cor- 
responding points on two consecutive turns of the 
thread as shown by p in Fig. 14. 


The principle of the screw and nut is applied to 
some common laboratory appliances like the serow- 


ea ae gauge, the spherometer, etc. The pitch of the serow 


screw. in these instruments is usually 1 mm. or 3mm. 


Micrometer Screw.— A micrometer screw is a common laboratory 
appliance used for the determination of small lengths at a fixed accuracy. 
The arrangement in it is simple. There is a circular scale, called the 
micrometer-head, of large diameter, fitted to the serew and also a 
liner scale arranged parallel to the axis of the screw. The liner scale 
ig ordinarily graduated in millimetres and the circular scale is divided 
into 100 or 50 equal divisions. 


Least Count.—lf the circular scale on the screw-head is divided into 7 

divisions, ond the pitch of the screw is p, then the distance? travelled by the 
KA 

screw-point for a rotation of the screw-head through one circular division is the 


smallest length that can be determined accurately and is called the least count 
of the instrume t. 
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Back-Lash Error.—This is an error which is associated, more or less, with 
all instruments working on the screw and nut principle. And instruments, 
perfect when new, may develop this error with use due to wear and tear. Due 
to looseness between the screw and the nut, equal amount of rotation of the 
screw-head in opposite directions may be found to produce unequal linear 
motions of the point of the screw. Error due to this uncertainty is called 
back-lash error. This error may be avoided, if the screw is turned always in 
the same direction, when an adjustment is made while taking a measurement. 


(b) The Screw-Gauge.—The screw-sauge (also called the Micro- 
meter Screw-Gauge) is used for measuring accurately the dimen- 
sions of smal! object, such asthe diameter of a wire, the thickness of 
a metal plate, etc. It consists of a fixed rod A (Fig. 15) having a plane 
end and a moveable rod B having also a plane end facing A. The rod 
B has a screw cut on it and the screw works insido a hollow cylinder, 
called thehub having a straight scalo L (linear seale) etched on 
it along a reference line R. This scale is used to indicate the num- 
ber of complete turns of the screw. The rod A and the hub are firmly 
held co-axially at the two ends of a strong metal bar bent in the U- 
form. ‘The screw is worked by meins of a large milled scrgw-head H 
which moves over the outside of the hub. Any fine adjustment of the 
screw-heed is made by turning ® head, called the friction clutch (nob 
shown in the figure) with which all modern jnstruments gre fitted. 
Tt should be turned with gentle uniform pressure. On being rotated, 
it automatically slips as soon as A and B touch each other. The 


Fig. 15—A Screw-Gauge. 


levelled edge of the serew-bead has etched on it a circular scale 0, 
called the head-scale which is divided into a number of ‘equal parts, 
usually 50 or 100, and js used for the determination of the fraction of 
one complete rotation. One complete turn of the head-seale moves the 
end of the screw through a distance equal to its pitch, which js the 
distance p hetween the consecutive threads of the screw (Fig. 14). 80 
pitch is the amount by which the gap belween A and B (Big. 15) is 
opened or closed by one complete rotation of the head-scale. 


` 
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How to use a Screw-Gauge— 


(i) Turn the head in order to expose the pitch-seale. Find the 
value of the smallest division of the pitch (linear) scale. To do this 
compare by dividers the length of, say, 10 divisions of the pitch-seale 

` with the subdivisions of a standard scale. 


(ii) Determine the pitch of the screw. To do this, bring the 
zero mark of =the head-scale into coincidence with a line of gradua- 
tion of the head-scale. Now read the position of the graduated edge 
of the head-scale on the pitch-seale, and also read the position after 
giving the head one complete turn. The difference in the two read- 
ings of the pitch-scale is the pitch of the screw. 


(iii) Count the number of divisions of the head-scale. If there 
are, say, 50 divisions, the screw makes syth of a turn when a mark 
on the head-scale goes out of coincidence and the next comes into 
coincidence with the line of graduation. So the gap widens or narrows 
down by sth of the pitch of the screw for rotation of the head-scale 
through one division. This quantity—which is obtained by dividing 
the pitch sy the number of divisions of the head.scale—is the least 
count or the smallest reading measured by the instrument. 


(iv) Determine the zero error. The serew is turned until the gap 
between A and B is just closed. Now the zero mark of the head-seale 
should coincide with the zero mark of the pitch-seale. If they do not 
coincide, there is an error in the instrument known as the zero error. 
The value of it is obtained by observing what mark of the head-seale 
coincides with the line R of graduation when the gap is closed. The 
zero error is added to the readings of tho instrument if the fap is 
slightly open, when the zero mark of the head-scale coincides with 
the zero on R, the linear scale, and subtracted if the gap is closed 
before the coincidence takes place. 


(v) Now place the wire, or any other small object, in the gap 
between 4 and B and turn the screw-head until it is just gripped 
between the jaws. Read the last visible division of the Pitch-seale 
and that of the head-seale, which is just over R, the line of gradua- 
tion of the pitch-seale. To this apply the zero error, if any, which 
may be added or subtracted as the case may be. 


N.B. Care must he taken not to hasten the movement of the 
screw, nor fo screw up too tightly. 


(c) The Spherometer.—The spherometer is constructed on the 
same principle as the screw-gauge. It is generally used for deter- 
mining the radius of curvature of spherical surfaces (hence the name) 
such as those of lenses, and also for measuring the thickness of 
plates, ete. 


This instrument (Fig. 16) rests on three fixe legs which aro at 
the same distance from one another, i.e. their ends, 4, B and C occupy 
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the corners of an equilateral triangle. The legs support a framework 
in which works a micrometer screw 
having a pointed end O which is equi- 
distant from the three fixed legs» The 
screw terminates at the top in a milled 
head M, and a large circular dise D, the 
edge of which is divided into 50, or 100 
equal parts. A vertical scale S usually 
divided in millimetres, and having its 
divisions close to the edge of the dise D, is 
fixed at one end of the framework, 


How to use a Spherometer— 


(i) Examine the vertical scale S, and 
find the value of the smallest division of it. 
To do this, compare by divider the length 
of, say, 10 divisions of this scale with the 
subdivisions of a standard scale. Fig. 16—A Spheromoter. 


(ii) Determine the pitch of the screw. Bring the zero mark of 
the disc D on the edge of the vertical scale S. Read the position of 
the disc's edge on the vertical scale S, and then rotate the dise through 
a number of complete turns by means of the milled head M, and 
again read the position on S. The pitch of the screw is given by the 
difference in the two rerdings of the vertical scale divided by the 
number of turns. Tf by giving say, 2 complete turns of the dise the 
difference in the vertical scale readings is 1 mm., then the pitch of the 
screw is } mm. 


(iii) Count the number of divisions, say 100, on the dise D. Then 
the disc is turned ; each division of its scale, as it passes the vertical 
scale S, shows that the screw has made ygoth of one turn, and that 
the point of the screw has travelled through yòsth of its pitch, which 
is}mm. This quantity (yso*4) mm. is the least count of the 
instrument, i.e., it is the smallest amount by which the advance of 
the screw point can be measured. 


(iv) Determine the zero error. Place the spherometer on a truly 
horizontal surface, say the surface of a polished glass plate, called the 
base plate; and turn the screw down until its point O just touches 
the surface, The exact position can be determined by turning the 
screw steadily and carefully until there is a slight jerk at contact. If 
the screw-point projects forward a little too far, the who'e instrument 
rotates on the screw as a pivot, but will no longer do so if the screw 
is raised even slightly. (This is probably the best to decide if the screw 
has just made ontani 

Tho four feet of the spherometer are now in one plane. If in the 


above adjustment the zero (0) of the dise D is against the (0) of the 
vertical scale S, the instrument has no zero error. But if this is not 
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the case, read the number of divisions between the zeroʻof the disc- 
scale and the edge of S, which is the zero error. Repeat the observa- 
tion several times and take the mean of the readings as the zero error. 
This quantity must be subtracted algebraically from all readings 
taken with the instrument. 


Note.— If the zero of the disc-scale is above the zero of the 
vertical scale, the difference of the positions of the two zero marks 
—which is tte zero error—is taken as positive, and the quantity is 
to be subtracted from the total reading. If the zero of the disc-scale 
is below the zero of the vertical scale, the zero error is negative, and 
it should be added to the total reading. 

For example, let the error be 3 divisions of the disc-scale behind 
its zero, i.e. below the zero of the vertical scale, then the value of the 
yero error is ~(3x0005)= -0'015 mm. (taking 0°005 mm. as the 
least count). If now the reading taken with the instrument; be, say, 
127 mm., the corrected reading will be 1°27 ~( =0°015)= 1'285 mm. 

Had the error been 3 divisions of D above the zero of the vertical 
seale, the value of the zero error would have been +0015 mm., and 
fn that cìse the corrected reading would have been 1'27-(+0'015) 
= 1255 mm. 

(1) Wo Measure the Thickness of a Plate of Glass (by 
Spherometer) .— 

(a) Pitch-Scale Method.— First determine the zero error of the 
spherometer placing it ona base plate. Now raise the screw and place 
the test plate on the base plate underneath the serew point, and then 
take the readings of the vertical seale S, and the dise D, when the 
screw point just touches the top of the plate, while the other three 

feet of the instrument still stand on the base plate. Repeat the 
observation several times at different places on the surface of the test 
plate and take the mean reading. The difference between this and 
the zero error:gives the average thickness of the plate. 


(b) Rotation Method.— It is found with most of the sphero- 
meters that two complete turns of the disc are necessary to move the 
gcrew-point through one division of the vertical scale. 

At the time of taking any reading with such an instrument it is 
often found difficult to judge whether the reading indicated on the disc- 
scalo is a fraction of the first or the second revolution after passing 
the last division of the ve tival scale. For this, and also to avoid the 
gero error, it is convenient not to take any account of the vertical scale 
reading. Instead of this, the movement of the serew-point should be 
stated in terms of the rotation of the circular divisions only. That is, 
placing the test plate on a base plate. f 

(i) first note which division of the circular scale is against the edge 
of the vertical scale when the screw-point touches the top of the test 
plate while the outer three legs of the spherometer stand on the top of 
tho plate and then, on removing the test plate. 


May 
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(ii) count from this, the whole and fractional turns of the circular 
scale until the screw-point again just touches the base plate. Tf, for 
example, 2 whole turns and 56 small divisions of the third turn are 
necessary for this adjustment, the thickness of the plate=2 whole 
turns -+56=256 divisions= 256 x 0'005 mm. (°.’ 0005 mm. is the least 
count)= 1'28 mm. 


(2) To Measure the Radius of Curyature of a Spherical 
Surface (by Spherometer):— . 


Pitch-Seale Method.—(i) Place the sphero- 
meter with the fixed legs resting on the curved 
surface, ard adjust the serew until its point 
just touches the surface. Read the scales. 
Repeat the observation several times placing 
the instrument in different positions: of the 
curved surface. Calculate the mean of the 
readings. 

(ii) Place the instrament on m plane glass 
plate and adjust the screw until its point 
touches the surface. Read the scale. Repeat it 
several times, and take the mean reading. 

(iii) Find the difference h between the two 


mean readings. This gives the vertical distance p<, G 
traversed by the screw-point. 4 

(iv) Measure the distance d between any F 
two. of the three legs. To do this, place the Fig. 17 


instrument on a piece of paper and press gently 
s0 as to mark the positions of the three legs D, Æ, F (Big. 17). 


Now measure carefully the niean distance d between these marks. 

Then the radius of curvature R is given by, 
d’ h 
Roh’ 2 

Note.—(1) As d enters as a square in the result, the measurement of d 
should be made very carefully, otherwise, any smal] error in this measurement 
will be magnified in the final result. 

(2) Do not forget to express both d and h in the same unit. 

(8) Here also the rotation method of measurement, as described above 
[see p. 26], may be applied. ‘That is, calculate the value of A from the read- 
ings of the circular scale only without taking any account of the vertical scale, 

(4) When using a spherometer, it should be noted whether there is any 
slackness between the nut and the screw, because any such slackness will permit 
of appreciable rotation of the dise without producing any corresponding move- 
ment of the screw along its axis. This error, due to lost motion, called the 
back-lash error, can be avoided by always turning the screw in the same 
direction while taking any reading. 

(5) The term h/2 can often be neglected in comparison with d?/6h. 
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Proof of the Formula.—tThe diagram (Fig. 17) represents a side 
view of a spherometer resting on a spherical surface. The central 
leg A and two of the fixed legs of the spherometer are visible. AB 
represents the vertical distance hk through which the central leg must 
be raised (or lowered) so that it may just touch the curved surface. 
DB(S) is the distance between any of the fixed legs and the central 
leg, when they are all resting on a plane surface. If R be the radius 
of curvature, we have DO? = DB* + BO? = DB? +(AO - AB)’, 

S?*+h? S* h 

oh Oh 8 = 0 

The formula (1) can be put into another form. When the central 
leg just touches the plane of the other three legs, let B be the position 
of the central leg, D, E, F, the positions of the other three legs 


which form an equilateral triangle (Fig. 17, lower). The angle GDF 
is 80°, and K is tho middle of DF, the length of which, say is d. 


DK = DB cos 80°=SV3/2, or, d/2= S.v3/2, or, d? =385°. 
Substituting the value of S? in (1) we have, 
d? h 


or, R? =8°+(R-h)?;or, R= 


N.B. -The method of measurement is the same for both convex 
and concave surfaces. 


19, Measurement of area :—To find the length of a straight 
line, it is necessary to take only one measurement. So length is 
said to have one dimension. But in order to measure an area two 
linear measurements are necessary. Thus for the area of a rectangle, 
two lengths, length and breadth, must be measured. That is an area 
has two dimensions. 


Units of Area.—Tho unit of area in the Metric system is the 
square centimetre, and that in the British system is the square foot. 


Metrie Table of Area British Table of Area 
100 sq. millimetres=1 sq. centimetre, 144 sq. inches=1 sq. foot. 
100 sq. centimetres 1 sq. decimetre, 9 sq. ft. =1 sq. yard. 
100 sq. decimetres =1 sq. metre. 4840 sq. yds. =1 acre. 


640 acres =1 sq. mile. 


(a) Areas of Regular Figures.—In order to measure the areas 
of regular geometric figures, two linear measurements, as involyed in the 
following relations, are to be taken :— 

Area of rectangle =length x breadth. 

» +» parallelogram = base x perpendicular height. 
», triangle=4 x base Xaltitude. 


», trapezium =4Xsum of parallel sides x perpendicular distance between 
them. 


,, circle =x x (radius) *. 
+» ellipse =x X semi-major axis Xsemi-minor axis. 


” 


” 


” 
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Area of the curved surface of cylinder =circumference of cross-section x length. 
_Area of the surface of a sphere=area of the curved surface of the circums- 
eribing cylinder= 2rr X2r=4er?, 


_(where r=radius of the sphere, r is also the radius of the base of the circums- 
cribing cylinder, and the height of the cylinder=2r). 


(b) Areas of Irregular Figures.—Tho area of an irregular figure 
can be measured, by dividing the figure into suitable regular figures 
like triangles, rectangles, circles, etc., and then adding up the areas 
of these parts. Besides, it can be measured. ' 


(i) By squared paper. —Draw an outline of the figure on a 
squared paper. The boundary 
of the figure (Fig. 18) passes 
through a number of small 
squares on the paper. Now 
count the total number of 
complete squares and then 
count round the boundary 
line, ignoring those which are 
less than half a square, but 
counting as whole squares 
those that appear to be more 
than half squares. In the 
case of exact halves, take two ‘ 
to count as one square. Fig. 18 

N.B. ‘This is only a rough method, and the result will not be very accurate. 
This method, however, can readily be applied to find the area of a country 
by drawing to scale, on squared paper a map of its boundary. If the 
above figure represents the boundary of the map of a country, then the area 
of the country can be calculated as follows :— 

Scale of map, 80 miles=1 in. or, 1 sq. in.=6400 sq miles, 

Hence, area of the country=6400xarea on graph paper in sq. inches 

(sq. miles). 


(ii) By Planimeter.—The area of any plane figure can be 
directly recorded by this instrument. The two arms AB, BC are 
freely joined at B. A graduated wheel D revolves in the elbow at 
B round an axis parallel to the arm BO. 


A 


~ Fig. 19—A Planimeter. 


In use, the lowest part of the wheel D, the spikes -d and C touch 
the plane of the figure, the point A being kept fixed in position 
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somewhere at a convenient position outside the figure while C is 
slowly moved along the boundary line of the figure in such a way that 
it returns to its initial position finally. The difference between the 
readings of the wheel before and after the spike C goes round the 
figure gives the area. 


Gii) By weighing.—Drw the figure on a thin sheet of card- 
board, or a thin metal plate, whose thikness should be as uniform 
as possible. Cut the figure out of it, and weigh it accurately. From 
the same sheet cut an area the shape of which may conveniently be 
a rectangle, or a triangle, and find its weight. Chleulate the area 
of the rectangle or the triangle, from its linear dimensions. Then 
calculate the area of the figure from the relation. 


_srea of figure weight of figure 


area of rectangle weight of rectangle 
20. Measurement of Volume :—The spice occupied by a body 
is called its volume. In order to meisure the volume of a body three 


lengths, i.e. length, breadth, and height or thickness, should be consi- 
dered. Therefore, a volume has three dimensions. 


Unit of Volume.—The unit of volume in the metric system is 
the cubic centimetre (c.c.), and that in the British system is the 
cubic foot. (cu. ft.). 

A common unit of volume for liquids in the British system 
is one gallon (1510 c.c.) which is equal to the volume of 10 1b. (avoir) 
of pure water at 62°F., while that in the C.G.S. system is one litre, 
which is equal to the volume of 1 kilogram or 1000 cc. of pure water. 
So one millilitre (ml.) means 1 c.e. 


METRIC TABLE OF VOLUME 


1000 cubic millimetres=1 cubic centimetre (c.c.) 
1000 cubic centimetres=1 cubic decimetre (1 litre) 
1000 cubic decimetres=i cubic metre. 


BRITISH TABLE OF VOLUME 
1 cubic foot=1728 cubic inches (cu. in.) 
1 cubic yard=27 cubic foot (cu. ft.) 
Remember the following :— 


The litre is the volume of 1 kilogram of cold water. 
One gram of cold water fills one cubic centimetre. 
One fluid-ounce equals 28°35 cubic centimetres. 

One cubic foot equals 28°81 litres. 


One cubic foot of cold water weighs 62;5 Ibs. 
The gallon is the volume of 10 pounds of cold water. 


One gallon equals 4;54 litres. 


One flwid-ounce is the volume of 1 ounce of cold water, 
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(a) Measurement of Volume of a Liquid.—The volume of a 
liquid is readily measured by pouring it into a graduated vessel. 
These graduated vessels are available in various forms. Fig. 20 (a) 
represents a graduated cylinder, the markings in it being usually in c.c. 
Fig. 20(b) shows a menr- 
suring flask whose capa- 
city is ordinarily marked 
on ifs body and is used 
when a definite volume of 
a liquid equal to its ca- 
pacity is taken initially. 
Fig. 20(c) shows a burette 
in which a liquid is taken 
when a measured volume 
of if isto be poured into 


a vessel. j 
(b) Volumes of 
Regular Solids.—To cal- a 
culate the volume of a G 0) 
; ; Measuring Measuring Burette 
solid which has a regular Cylinder Flask 
geometrical figure. Fig. 20 


Remember the fotlowing : 


Volume of rectangular solid (cuboid) =length x breadth x height 


hA , cylinder =area of base Xheight, 
-$ »„ pyramid or cone =} Xarea of base x height. 
i sı sphere =fr X (radius)*. 


Volume of a Sphere = $zr°, 


Proof.— The surface of a sphere can be imagined to be divided into 
an infinite number of small figures [Fig. 20(d)], each of which is 
practically a plane surface and may be considered to form the base 
of a pyramid having a height equal to the radius” of the sphere, ie. 
with its top at the centre of the sphere. The sum of the bases of all 
the pyramids is the whole surface of the sphere, and the sum of all these 
small pyramids is the volume of the sphere. 
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The volume of a small pyramid = X area of base x height. 


The volume of the sphere = $ X sum of 
the area of the bases of all the pyramids 
x height. 
= $ x surface area of the sphere X radius 
=5X4nr? xr= gare 

['. surface area of a sphere = 42r?, ] 


(c) Volumes of Irregular Solids.—The 
volume of a small piece of an irregular solid, 
Fig. 20(d) or that of a regular one can be determined. 


(i) By displacement of water.—The volume of small solid 
may be directly obtained by lowering it carefully into water contained 
‘in a graduated vessel, say, a graduated cylinder as depicted in 

- Fig. 20(a) and noting the rise of the surface of the water. The rise 
of the surface, i. e. the difference between the first and second posi- 
tions of the meniscus, gives the volume of water displaced by the 
solid ; and, as a body immersed in a liquid displaces its own volume 
of the liquid, the difference between the two positions of the meniscus 
gives the volume of the solid. 


When the body is too big to go inside the measuring vessel secure 
a fairly largo vessel and attach a narrow piece of gummed paper verti- 
cally to the side of it. Put a horizontal pencil mark at a level which 
will be well above the top of the immersed solid. Pour water in the 
vessel until its surface is in level with the pencil mark. 


Tf now the solid is introduced, an equal volume of water will be 
displaced or pushed above. Put another mark corresponding to the 
surface of water again. Then take out carefully by a pipette the 
amount of displaced water, i.e. the amount of water between the two 
pencil marks, and measure it bya graduated vessel. This will give 
the volume of the solid. 

Note.—(1) If the solid floats in woter, push it by a needle fixed to the end 
of a wooden pen-holder until the solid is completely immersed. 

(2) If the solid is soluble in water, use, instead of water, some other 
liquid, say, alcohol or kerosene, in which it is not soluble. 


(ii) By weighing.— Knowing that at ordinary temperatures one 
cubic centimetre of water weighs one gram, the volume of a small 
solid can be accurately determined by weighing the amount of water 
displaced by it. 


If the weight of the displaced water is, say, 10 gms., then the 
volume of displaced water is 10 c.c. (because the yolume of 1 gm. 
of water is equal to 1 c.c.), and so the volume of. the solid is also 
10 c.c. So, the weight in grams of the displaced water is numerically 
equal to the volume of the body in cubic centimetres. If the solid is 
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soluble in water, a liquid, in which the solid is insoluble, is to be taken. 
| To know the volume in this case, the weight of the displaced liquid in 
grams is to be divided by the density of the liquid (vide Art. 260). 
To measure volume by weighing, another method based on the 
Archimedes’ Principle (vide Chapter X) is available. 

21. Measurement of Mass :—The mass of a body is ordinarily 
measured by means of a common balance (vide Art. 190). It can also 
be measured by a spring balance after calibrating it (vide Art. 199). 

22, Measurement of Time :—Any process which repeats itself 
j after a regular interval of time can be used to measure time. Depend- 
ing on this principle the ancient people devised various devices, like 
< the sun-dial, the hour-glass, the water-clock, ete. for measuring time. 
k (a) The Sun-dial.— This instrument (Big. 21) was universally 
| used by the ancient people. It consists of a horizontal circular board 


Fig. 21—The Sun-dial. Fig. 22—The Sand-glass. 


which has graduations from 1 to 12 as those on a clock. A triangular 
plate of metal fixed on the board vertically in a north-south direction 
serves as an obstacle to the rays of the sun, Any particular period 
of the day is indicated by the position of its shadow cast by the sun 
on the graduated board at that time. The shadow is longest when 
the sun is on the horizon, 7. e. at the time of the sunrise or the sun- 
set. After the sunrise as the sun rises up in the sky. the length 
of the shadow shortens and finally at noon when the sun is at the 
zenith, the shadow vanishes. After the noon it changes side and the 
shadow lengthens again as the sun declines. 


The sun-dial can be used only on a sunny day and cannot be 

used at night or on a cloudy day. 
l (b) The Hour-glass (or Sand-glass).— This consists of two 
\ conical flasks pointed neck to neck (Fig. 22) having an inter-communi- 


ol, 1—3 
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cating narrow opening in the middle. A measured quantity of dry 
sand is taken in the upper flask and the principle involved in the 
measurement is that a definite interval of time is necessary for the 
passing of the sand from the upper flask into the lower. 


(c) Clocks and Watches.—Clocks and watches are’ now-a- 
days universally used for the measurement of time and have practi- 
cally superseded all primitive time-measuring devices. Their cons- 
truction has been possible after the discovery of the laws of pendulum 
(vide Chapter V) in 1583 and it was left to a Dutch Physicist, Huygens, 
fo use a pendulum afterwards for measuring time. In 1658 a clock 
fitted with a pendulum was first used by him to measure time. 
Since then, however, vast improvements in the mechanism of clocks 
have been made by later workers. 


The length of aseconds pendulum (vide Art. 128) can be so 
chosen at any given place as to take one second to swing from one 
extreme position to the other. The motion of the pendulum can bo 
communicated at the end of every swing to the hands of a clock by 
means of suitable mechanism. The hands move over a dial gradu- 
ated in hours, minutes, and seconds. The energy of the pendulum is 
taken from a wound spring which runs it. The spring requires to be 
wound after regular intervals. 


(i) The Watch.—The principle of a watch (pocket watch or 
wrist watch) is the same as that of the clock except that the pen- 
dulum is replaced here by a balance wheel controlled by a hair spring. 
The balance wheel oscillates, the necessary energy being supplied by 
a wound spring as in the case of the pendulum clock. 


A Chronometer is a specially constructed watch which gives 
time with the greatest precision and is generally used for comparison 
purpose in regulating ordinary clocks or watches. 


(ii) The Stop-watch or Stop-clock.— It is used when a small 
interval of time during an event or between 
two events is to be recorded. 

The Stop-watch.—It is a specially cons- 
tructed watch (Fig. 23) having a long second- 
hand which moyes over a circular dial with 
60 equal divisions, each division representing 
a second. Each such division is usually sub- 
divided into fifths or tenths. At the begin- 
ning of an eyent when the knob at the top is 
pressed, the second-hand staris and it stops 
when pressed for the seccnd time at the end 
of the event. There is a small minute-hand 
Fig. 23—A Stop-watch. which moyes over a small circular dial gra- 

duated into 60 divisions, each representing 
a minute so that one complete rotation of the minute-hand through 
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_ In the second case, the retardation is the same, the wood being of similar 
kind. The final velocity v after passing through 5 inches, i.e., s=yq’ of wood 
will be given by (~=200 ft./sec.) 


v? =2002—-2 x3 x104 x 2 , whence » =183'8 ft./sec. 


; 40. Special cases :—If the velocity at the beginning of the time 
is zero, we have w=0, and the above formule take the following 
simple forms :— 

(i) v=ft.; (ii) s-4ft.2=4gut. ; (iii) v? =2fs, 

Example. A body starting from rest, travels 150 ft. in the 8th second. 
Calculate the acceleration assuming it to be uniform. (P. U. 1953) 
Let space covered in 7 seconds and 8 seconds be respectively, S, and Sy 

Here u=0, f=constant; S,—S,=150 ft. 


T 1 4 
Sa=3fx8*=82f ; BEX r. 
Sa -51=150 ft. =32f— “Pf, whence f =20 ft.Jsec." 


4l. To calculate the Distance traversed in any particular 
Second :— 


The distance traversed in the nth sec. =the distance traversed in 
n seconds — the distance traversed in (n — 1) seconds = 


(un + fn?) — ful - 1) +3f(n- 1)*}...from Ea. Out” f. 


42. General Hints :—In working out problems, 

(i) Set down all the values of the given quantities and the 
symbol for the quantity required, and then consider which equation, 
out of those given above, connects them. From this equation, find 
the unknown quantity. 

(ii) Remember that all the symbols involved in the above equs- 
tions are algebraic, i.e. they may represent either positive or negative 
quantities. 

Examples. (1) 4 body is thrown up with a velocity of 32 feet per second 
Find how high it will rise. 

The body will rise till its velocity is zero after which it begins to fall and 
its velocity becomes negative. 


Here u=32 ft./sec.; 1=0; f=g=accel., due to gravity = —32 ft./sec.*; s=? 
We have p2=ur+2fs, or, 0O=(32)?+2 x(—32) s; 

. 82x32 _ A a 

“8 989 16. .°, The body will rise 16 ft. 

(2) A body travels 100 feet in the first two seconds and 104 feet in the 
next four seconds. How far will it move in the next four seconds, if the 
acceleration is uniform? 

Here 8=100 feet ; t=2 secs. ; u=?; f=? 


We have saute ft.2; of, 100=2u+ BLA: or, u+f=50 aaia 
Motion during the first six seconds— 


=100+104=204 feet; t=6 sec. ; u= ? f= ? 
204 Gut fX 36: or, 204=6u+13f, or, 34=u+3f (2) 
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From (1) and (2), f= —8 ft./sec.?, u=58 ft./sec. 
Considering the motion during the total times (10 secs.), 


w=58 ft./sec. ; ¢=10 sec. ; f=—8 ft/sec? ; s= ? 
snuith yt’. J. §=58x10+ + (-8) x10 =580 —400=180 feet. 


Thus the distance travelled in the last four seconds 
= 180—100—104=—24 ft., ie. it travels 24 ft. in the opposite direction. 


43. Force :—A force is that which acting ona body changes or 
tends to change the state of rest, or of uniform motion, of the body. 

(a) Representation of a Force by a Straight Line.— Every 
force has a cortain magnitude and acts in a certain direction. A force is 
completely known if we know its (i) point of application, i. e. the point 
at which the force acts ; (ii) direction ; and (iii) magnitude. 

‘All these can be represented by a straight line provided that, 

(i) the line is drawn from the point of application of the force ; 

(ii) the line is drawn pointing in the direction of the force ; 

(iii) the length of the line is proportional to the magnitude of the 
force ; 

(b) Equilibrium.— When two or more forces acting upon a body 

. are so arranged that the body remains at rest, the forces are said to 
be in equilibrium. 

Tf ab any point of a rigid body, two equal and opposite forces aro 
applied, they will have no effect on the equilibrium of the body ; 
similarly, two equal and opposite forces acting at a-point in the body 
may be removed without disturbing the equilibrium of the body. 

44. Principle of Transmissibility of Force :—A force acting 
at a point in a rigid boty may he considered to act at any other point 
along its line of action provided that the latter point is rigidly con- 
nected withthe body. 

45. Composition and Resolution of Force :— 

(a) Resultant and components.—When two or more forces 
P, Q, S, ete. act upon a rigid body. and a single force R can be found 
whose whole effect wpon the body is the same as that of the forces, P, 
Q, S, etc. this single force R is called the resultant of the other 
forces and™the forces P, Q, S, ete. are called the components of R. 
The process of finding out the resultant is known as the composition 
of forces. 

(b) Resultant of Forces acting along the same Straight Line.— 
Tf two collinear forces P, Q, act on a body in the same direction, their 
resultant is the sum of the two forces, (P+ Q), acting in their common 
direction of action. 

Tf two collinear forces P, Q, act on a body in opposite directions, 
their resultant is equal to their difference and acts in the direction 
in which the greater of the two forces acts. 


f MEASUREMENTS 
360° means an interval of one hour. The tims recorded by*the minute 
and second hands when: the hands 
stop as the knob is pressed for the 
second time, i.e. at the end’ of an 
event, gives the interval of time 
during an event. The hands fly back 
to zero positions when pressed for the 
third time and the watch becomes 
ready again for new observations. 


(iii) The Stop-clock.—It is a 
table-clock run on the same principle 
as that of a stop-watch. The differ- 
ence in mechanism is that a straight 
rod KK projecting out of the clock 
both ways at’ the sides is used to 
start or stop the clock [Fig. 238(a)l. Fig. 28(a)—A Stop-clock. 

When the right end of the projecting 
rod is pushed to the left, the clock” 
starts and when pushed to the right 
from the left it stops. There is usual- 
ly a third hand which* can be set 
from outside over the second hand 
and jt stays there indicating the start- 
ing time, when the minute and 
, second hands are on the move. 


(iv) The Metronome.— Thig 
instrument (Fig. 24) is used to mark 
time. It has a mechanism (run by 
clock-work) to move the pendulum, 
by which ticks can be heard at 
the end of each swing. Tho ticking 
time can be altered by adjusting the 
Fig. 24—A Metronome. position of a  sliding-weight on the 
pendulum rod. 


Questions 
1.. Give the construction and working of a spherometer. How would you 
determine the focal length of a lens with its help ? (U. P. B. 1948) 
2. How would you measure the curvature of a spheritae surface by a 
spherometer ? (M. B. B. 1951) 


3. Give the principle of a vernier and explain its working. Each division 
of a main scale is 0:5 mm. 9 divisions of the main scale are equal to 10 divisions 
of the vernier. Length of a cylinder is measured. ‘The readings are : 78 divisions 
of the main scale; and the 6th division of the vernier coincides with a division 
of the main scale. Calculate the length of the sylinder. (Del. H. $. 1953) 


[Ans. 3:98 cm.] 
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4, The fixed legs of a spherometer are at the corners of an equilateral 
triangle of 4 cm, side. When adjusted on the surface of a spherical mirror, the 
instrument reads 1/500 mm, Find the radius of curvature of the mirror, taking 
zero error of the instrument to be zero. Prove the formula you use, 

[Ans. 17:84 cm.] (U. P. B. 1951) 

5. Assuming the earth to be spherical, calculate its surface area in square 
miles, taking its diameter to'be about 8000 miles. 

[d4ns, 2-0114%105 sq. miles.] 

6. A circular ring is enclosed between two concentric circles whose radii are 
119 ft. and 167 ft. long respectively. Find the length of the radius of a third 
concentric circle which will divide the ring into two rings whose areas shall be 
equal to one another. 

[4ns. 145 ft.) 

7. How would you measure the area of an irregular figure drawn on a 
sheet of paper ? 

“8. Calculate the volume of gas in cubic feet contained in a cylindrical 
gasometer having a height of 150 ft. and diameter 150 ft. 

[Ans. 2,651785°7 cu. ft.) 

9. How will you find the volume of a solid of irregular shape ? 


(C. U. 1917, '29 ; Dac. 1932) 
a 


> 


. CHAPTER III 
STATICS AND DYNAMICS 


~ 

23. Body :—A body is a portion of matter limited in every 
direction. It occupies some definite space and hasa definite volume 
and shape. 

A body is said to be rigid, if its parts always preserve invariable 
positions with respect to one another. Actually all bodies yield more 
or less under the action of forces. For our inyestigations, a body 
will be considered rigid unless otherwise stated. 


24. Particle :— If a portion of matter is so small in size that for 
the purpose of investigations the distances between its different 
parts may be neglected, it is said to bea particle. Jt is a material 
point occupying some position but having no dimension. Rotation 
or spin has no meaning for it. Any motion of it only signifies a 
transference of position from one point in space to another. 

25. Mechanics :— It is that branch of science which deals with 
the conditions of rest or motion of bodies around us.* It has two 
subdivisions, statics and dynamics. Staties is that branch of mecha- 
nies which deals with the science of forces balancing one another. 


“The term mechanics was first used by Newton for “the science of machines 
and the art of making them.” Subsequent writers, however, adopted this term 
as a branch of science which treats of the conditions of rest or motion of bodies 
around us. 
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The forces considered may act at a point or on a solid, a Hamia. or 
a gas. The branch of statics which considers the relations between: 
forces acting on a liquid at rest has a special name, hydrostatics a 
» the branch which considers the equilibrium of a gas has another 
special name, pneumatics. Dynamics is that branch of mechifnics 


which treats of the science of bodies in motion. It is divided into | 


Kinematics and Kinetica Kinematics deals with motion without 
reference to its cause. According to some writers this is a branch 
of pure mathematics. Kinetics is the science of motion with 
reference to its cause, i.e. ib is the science of unbalanced forces or 
the relations between motion and forces. In hydrodynamics ‘the 


relations between motion and force in fluids are considered, — 


Hydraulics deals with the applications of the principles of hydrostatics — 


p 


and hydrodynamics to engineering. 


26. Position of a Point or body :—The position of a point 
or body lying on a plane can be determined in various ways of which 
sthe commonest is by finding the distances of it from two mutually 
intersecting straight lines (called the ases of reference) in the same 
plane measured along lines drawn from it parallel to the axes. These 


distances are called its co-ordinates with references todheames. The — 


point of intersection of the axes is called origin, its co-ordinates 
being 0,0. This is a standard or reference point taken apparently 
as fixed. The axes of reference may be mutually perpendicular to 
each other, when they are called rectangular ares, or they may be 
inclined to each other at an angle other than a right angle when. 
they are called oblique. ames. The rectangulir axes are more 
convenient and are most commonly used. The co-ordinates referred 
to either rectangular or oblique axes are called Cartesian co-ordinates 
in honour of Rene Descartes (1596-1650) of Touraine, Frances, 


27. The Rectangular Co-ordinates :—The horizontal and 
vertical lines XX’ and YY’ (Fig. 25) represent two rectangular axes 
having origin O. The co-ordinates 
of any point P referred to the axes 
XX’ and YY’ are respectively given 
by a and y, the former being called 
the’abscissa and the latter, the ordi- 
nate. When the co-ordinates of a 
point with reference to a given pair 
of axes are given, the process of 
marking the position of the point on 
the plane is called plotting the point. 
A detailed study of how points are 
plotted on a graph paper using rec- 


Fig. 25 


trangular co-ordinates, i.e. how graphs are drawn is given in 
Appendix (B) at the end of the book. 


Just as tho position of any point on a given plane can be found 
when its co-ordinates with reference to two given axes in the plane 
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are given, the position can as well be traced if the distance of the 
point from the origin and the angle by which the line joining the 
point with the orgin is inclined to either of the given axes of 
reference are given. Both the above methods are used in our daily 
life. In geographical survey, generally, the observer himself or a 
very well-known obiect is taken as the origin and the geographical 
East-West and North-South lines passing through the origin are 
used as the axes of reference. 


For example, if it is stated that the playground of a college is a 
quarter mile to the South-East of the college premises, to arrive at 
the ground one has only to walk a quarter mile from the college 
premises along a direction equally inclined to the South and the Hast 
or, in the alternative, to walk 440Xcos 45° yd. ie, 310°2 ‘yd. due 
South and then to walk further 3102 yd. due East. It is to be 
noted, however, that in order to find the position of a point in space, 
de. when it is not sufficient to know its position ina given plane, its 
‘co-ordinates referred to three mutually perpendicular axes meeting 
aba common origin apparently fixed in space are to be known. 


E 28. Rest and Motion :—A body is said to be at rest when it 
‘does not chaage its position with time; it is said to be in motion 
‘when with time it changes its position. 


Absolute rest is unknown. —To know if the position of an 

‘object changes with time or not, a point absolutely fired in space is 

required to be known. No such fixed or stationary point is known 

‘in this universe. When you say that a ball is at rest on the ground 

the ground is considered stationary and the ball does not change its 
Position with respect to it. Asa matter of fact, the ground, i.e. the 

i earth, is not stationary; it is always in motion, It moves round 
the sun and it also rotates about its own polar axis. The sun is also 
never at rest; with the plannets bound to it, it is in constant whirling 
motion amongst the’ galaxy of stars and the latter also are always in 
Motion with respect to each other. The ball, being on the earth, is 
sharing such motion and cannot be at absolute rest. So absolute rest 
as a term which has not meaning in reality. By stating that the ball 
is at rest on the ground, whatis meant, as stated above, is that it is 
not changing its position with respect to the earth. That is, rest here 
means relative rest. A body, therefore is at relative rest with res- 
pect to another when it does not change its position relative to the 
latter. A passenger seated in a running train is at relative rest with 
respect to the inmates of the train while actually he is moving with 
respect to the objects on the roadside. Birds flying in the sky in 
a formation are at relative rest with respect to each other while they 
are in continuous motion. 


All Motion is relative——As the motion of a body involves a 
ehange of its position, to measure motion a point fixed in position 
called the reference point is necessary, from which the change of 
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position is to be known. As already explained, no such fixed point 
is realisable in nature. So when we say that a body is in motion, the 
idea behind is that it is changing its position with respech to some 
known object, 7. e. the body is in relative motion, with respect to the 
known object. It has been customary to refer the motion of all 
terrestrial bodies with respect to the earth. 


29. Kinds of Motion (Translatory and Rotatory) :— The 
motion of a body may be either translatory or rotatory or 
both. The translatory motion may again be subdivided into 
rectilinear and curvilinear motions. A body is said to be in 
translatory motion when it moves in such a way that its con- : 
stituent parts have such identical motion that the line joining any 
two points of the body always moves parallel to itself when the Í 
body is in motion. Fig. 26 illustrates the motions of body when f 
the line joining any two points a, b is parallel and equal to the ` 
line a'b' which joins up the same two points in a new position — 
occupied by the body in 
tourse of its motion. So the 
motion is translatory. More- 
over, the path of motion aa’ 
of any point a, or bb’ of 
any other point b is a 
straight line. Therefore this 
translatory motion is rec- Fig. 26 | 
tilinear too. When a stone 
freely falls from a height, When a train runs on straight rails, etc, w 
translatory rectilinear motion is produced. 
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When the motion of translation aa’ takes place along a curved ; 
path it is called a curvilinear motion. 


When a body turns about a fixed point or axis, it is said to be 
jn rotatory motion. 
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Fig. 27 


A stone tied at the end of a string held in the hand and whirled 
round [Fig. 27(a)], the motion of a flywheel about a shaft 
[Fig. 27(2)], ete. are typical examples of rotatory motion. 


‘a 
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A motion, besides being simple translatory or rotatory as already 
explained, may often be complex in nature resulting from a com- 
bination of a rotation and a translation. These both kinds of motion 
are involved when a body rolls down an inclined plane, or a rupee 
rolls on the floor. All sorts of complex motions may be produced by 
tho suitable combination of the above two simple motions. 


30. Terms connected with Motion :— 


Displacement.—The displacement of a moving body in a given 
‘time is its change of position in a particular direction in that time, 
the change of position being found by joining, the jnitial position 
to the final position by a straight line, whatever, might be the nature 
of the path actually traversed by the body in that time. The 
displacement is thus a quantity which has a magnitude as well as 
a direction, the length of the straight line giving the magnitude, 
the direction being given by that of the line in a sense pointing from 
the initial to the final position. 


Suppose, a body starts from O, the origin of the rectangular axes 
XX and YY (Big. 28) and tra- 
yelling along OCP in the plane 
of XX’ and YY’, reaches P ina 
given time. Lot and y be the 
co-ordinates of P. Then the dis- 
placement of the body will be 
given by the dotted line OP 
whose magnitude is equal to 
V(e? +y?) and is directed from 
O to P along the straight line 


ia OP which is inclined to the 
g = ‘4 SAY 
Fig. 28 Xaxis by an angle O= tan i 


Speed.—The rate at which a moving body deèribes its path is 
called its speed. It is measured by the distance travelled by the body 
along a ‘straight or curved path in unit time. It is a quantity which 
gives the idea of a magnitude only and has no reference to any 
direction. 


Tt is said to be uniform when it passes over equal lengths of 
its path in equal intervals of time, however small these equal time 
intervals may be. Tt is non-wniform or variable when the body 
traces out unequal lengths of its path in equal intervals of time at 
different points of the path. When the speed js variable, offen it 
becomes necessary to know the speed at any instant or at any 
particular point of the path. This is given by the actual distance 
passed over by the body in an indefinitely small interval of time 
| around the instant in question divided by the time interval. When 
| the speed is variable, often it is very helpful in practico to know 
simply its average speed. The average speed of a moving body in 
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any given interval of time during its motion is given by tho length 
of the traversed path divided by the time taken. Ifa length of path 
s is described by a body in time t, under variable motion, the average 
speed during that time is given by sji. The body would have passed 
over the same length of the path in that time had it moved with a 
uniform speed s/t. Average speed may be taken, it should be noted, 
only if the variation of speed is small. i 


Velocity.— The velocity of a moving body is its rate of dispalce- 
ment. Soit may also be defined as the change of the position of & 
moving body in a definite direction per unit time, or as the distance y 
traversed by the body in a definite direction in unit time. To specifiy 
velocity, therefore, its magnitude as well as direction must be stated, 
Changes in either magnitude or direction or both change the velocit; 


of a body. 
Uniform Velocity.—The velocity of a moving body is said to be! 


uniform when it always 
moves along the same <—1200,—> <—1900.—> <18€0.—> 


straight line in the same oÈ o% of do 


sense describing equal dis- f 
tances in equal intervals of <—| it— eii ft> <A0ft.—> 


time, however small these i, 
intervals may be. In Fig. j 
29, a, b, ¢, d represent successive positions of a body having a unk 
form velocity of 10 ft. per sec. f 

Velocity at a point.—When the velocity of a body is variable. 
its value at any point of the rath is given by the distance passed 
over by the body involving the point of the, 
path in question in an indefinitely small intor 
val of time divided by the time interval. Ifi 
path of motion is not a straight line, the dir 
tion of the velocity will be that of the tangen 
drawn to the curved path at the point in ques) 
tion pointing to the direction of motion. Thus, 
Fig. 30 jf a body moves along a curve OCP (Fig. 80 
by the arrows, the velocity at any point 
ngential to th 


ig. 29—Uniform Velocity. 


fo) P 


in the direction shown 
in the path will be in the direction CQ, which js ta 
curvo at the point C in question. 

Average Velocity. —Wh2n tha velocity ofa body is non-uniform but 
takes place in the same direction, its average velocity is given by 
the total distance passed over by the body in a given interval of 
time divided by the time interval. | 

31. Distinction between Velocity and Speed :— (a) The yelo- 
g body is the distance traversed by it in definite direction | 


city of a movin 
in unit time. 

(b) The speed ofa 
by it in unit time, 
direction. 


moving body is simply the distance traversed 
where the distance may not he in a definite 
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So, to specify a velocity completely, its magnitude as well as 
its direction must be stated ; but to specify a speed completely it 
is necessary to state only its magnitude. Hence velocity is speed 

| in some particular direction. 

| To understand more clearly the difference between speed and 
velocity, take, for example, the case of a motor bicycle travelling 
‘round a circular track ata constant rate. In this case the speed of 
the bicycle is constant, but its velocity is constantly changing. 

32. Units of Velocity or Speed :— A body has unit velocity or 
speed when it traverses unit distance in unit time. 

TheC.G.S. unit is The F.P.S. unit is 
{| one centimetre per second. one foot per second. 


33. Acceleration :— The Acceleration of a body under motion is 
the rate of change of its velocity. Acceleration is uniform when equal 
changes in velocity occur in equal intervals of time, however small 

/ the interval may be. In other cases, if is variable. 

Acceleration has both magnitude and direction, and so any change 
- in either of them will change the acceleration of a body under motion. 
| Suppose the velocity of a body at the beginning of an interval of 
| ss is 9 ft. per,sec., and at the end of the first second the velocity 
) becomes 11 ft. per second 


| <sec.><18e0.><—18ec,—><—18e0.—_—> (Fig. 31); then during the 
2 o? c a 2 interval of one second the 
“SlOft.><-12f6,><—!4 fb —> <—16 fi —> velocity of the body has 
increased by 2 ft. per 

Fig. 81—Uniform Acceleration. second, the average velocity 

| during the interval being 10 ft. per sec. If again, at the and of next 


~srecessive seconds, the velocity becomes 13, 15, 17, otc. ft, per sec., 
en the change of velocity of the body is uniform, and is effected 
tthe rate of 2 ft. per sec. in each second, the corresponding average 
elocities being 12, 14, 16, etc. ft. per sec.;so the rate of change 
f velocity, i.e. the acceleration of the body, is 2 ft. per sec. per sec. 
n Fig. 31, a represents the position of the body at the beginning 
nd b, c, d, e, the successive positions at any interval of 1 second. In 
his case, the velocity is increased by equal amounts in equal intervals 
f time. So, it is a case of uniform acceleration. 

In acceleration, the unit of time comes twice, because it involves 
‘a change of velocity, and also a time in which the change occurs. 
‘A falling stone gradually increases: in velocity vertically downwards 
by 32 ft. per second in every second ; so the acceleration of the stone 
‘will be expressed as 32 ft. per second per second for 981 ems. per sec. 
per sec. (or cm, per sec.”)]. 

È 34. The Units of Acceleration :— A body has unit acceleration, 
“if its velocity changes by unity in unit time. 

The C.G.S. unit of acceleration is | The F.P.S. unit of acceleration is 

one centimetre per sec. per sec.| one foot per sec. per sec. 
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35. Retardation :— When a moving body gradually slows down, 
its velocity diminishes, and the rate of diminution is known as re- 
tardation. A retardation is @ negative acceleration. A stone thrown 
vertically upwards has negative acceleration, i.e. retardation, till it 
attains the maximum hejght. If the velocity of a train approaching 
a station decreases 2 ft. per sec. in a second, we oray its acceleration 
is —2 ft. per sec. per sec, or retardation is 2 ft./sec.7. Like ac- 
eeleration, retardation may also be uniform or variab'e. 

36. Angular Velocity :— When a body moves on a plane, its 
angular velocity about any fixed point in that plane is given by the 
angle that may be imagined to be described per second by the line 
joining the body to the point, as the body moves. It is said to be 
uniform, if equal angles are described in equal times, however small 
the time interval may be. 

If in a time, t, the angle uniformly described he o (pronounced 
i theta”), then the uniform angular velocity ©(pronounced “ omega” 
is give by, ®=9/t degrees per second. 

But the angular velocity is generally expressed in circular 
measure, i.e. radians* per second. i 

In one complete rəvolution, four right angles are described and 
the circular measure of four right angles is 2% radians where 
x=5%—83'14 approximately. Hence, if t. be the time for n revolu- 
tions @t=2nn, or ®=2%n/t radians per sec. 

If a body makes n revolutions per minute (R.P.M.), the number 
of revolutions per sec. (R.P.S.) is 7/60. 

The angular velocity of the body, 
=9n Xn/60=2n/30 radians per sec. 


37. Relation between Linear and Angular Velocity in Uniform ~ 


Circular Motion :—Let © be the uniform 
angular velocity of a particle moving round ER 
the circumference of a circle of radius 
r (Big. 82). Iftseconds be the time for one v 
goa revolution. 
=92/ sec. ('.* the angle turned roen E) 
* is be radians). > 
Avain, if v be Pa linear velocity of the 
Per “tle, 
mference Qar 


č 
=m BEC, 
$ v Bibi Fig. 32 


Honce, 2%7r/v = 22/0, or, v= or ods ae eG 


Thus, the linear velocity of any particle of the body rotating 
about a fixed axis is directly proportional to its distance from the 


*One radian is the angle subtended at the centre of a circle by an arc 
equal in length to the radius of the circle. 1 radian=57° 17’ 44:8”. 


EN 
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of rotation and is obtained by the eat. of the angular velo- 

nd the distance. 

mples, (1) A circus horse trots round a circular. path at a speed of 8 

an hour, being held by a rope 20ft. long. Find the angular velocity of 
à s 


B miles an hour = 380 X8 ft. per sec. [.” 1 mile=5280 ft.] 
— 5280 9 .=90- 
Here v= 30x60 x8, r=20; 
if" 
a ESL X8=200, from eq. (1), Art. 37 


or, ®=0'58 radian per sec. 
* (2) A flywheel rotates about a fixed axis at the rate of 150 revolutions per 
inute ; find the angular velocity of any point on the wheel, What is the 
ear velocity, if the radius of the wheel is 3} ft.? 


R.P.M. of wheel=150, .. Angle described per minute=150 2m radians, 
150 x 2x 
60 

| ., Linear velocity, rw=3} x5r=55 ft./sec. 
38. Uniform Motion in a Straight Line :— 
Distance traversed in t secs. by a body moving with 
Uniform Velocity v. 
If the body moves with a uniform velocity v, then by definition, 
w is the distance traversed by the body in each unit of time 
Hence, in 2 units of time the total distance traversed is w; 


when w=22/7 .°, Angular velocity, w=- =5m radians per sec. 


mS A. ae a A aie 
and so ,, ¢ $ i " ” n Ww 
y> Therefore, if s be the distance traversed in time ż, 
s=yt. 
d Example. A train moves at the rate of 60 miles an hour. Express its 


‘e velocity in feet per second. 


3 1 mile=5280 ft.; .*. 60 miles =60 x 5280 ft. ; and 1 hour=(60 x60) sec. 
So the train moves (60 x 5280) ft. in (60x60) secs. 


60x 5280 
or, v= oxe S ft. per sec. g 
Remember that 60 miles per hour= 88 feet per second 
” » 40 4 ” » =3x8B 4, 5, » 
” » 30 5, ” » =%x88 4, » » 


39. Rectilinear Motion with Uniform Acceleration :— When 
a body moves in a straight line with uniform acceleration, the rela- 
tions between distance, time, velocity and acceleration can be 
expressed by simple equations first pointed out by Galileo. These 
equations are called the Equations of Motion which can be stated as 
follows :— 

If a body moves along a straight line with uniform acceleration f 
and if U and Y be its velocities at the beginning and end of any inter- 


Rae 
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val of time t conidia. during 

traversed. by it during that time, then, 
“u yaurit: 

(ii) s=u.t+ 4ft.: 

liii) v> = 0? + 2fs. 
(i) Velocity v acq 
with a uniform acceleration of f 
Suppose w is the velocity at the 
t. Since the acceleration of the body 
increased in each secon 


At the end of 1 sec. the velocity is utf; 

F, 2 secs. P + ur afi 

" ede P rks sake 
and so, » Pe A + wr tf. 
Hence, v=u+ft Wie aah ox (1) 
or, o- waft. 
or, Increase of velocity = acceleration x time 
and f= Ea 
or, Acceleration = increase of velocity + time. H 

s a velocity of 8 kilo- 


Examples. (1) A body starts 
metres in 2 minutes. What is its a 


8 kilometres per sec. =800000 cms. per sec. 
Here v =800000 ; u=0 ; t=120 f=? 


J =6666°66 cms. 

5 (2) A body has% velocity of 1 
to a retardation of 32 ft. per sec? 

u=114; f= —32 ; t=10; v 


\ i Here 
vo, We have poutfl.= 
y Here the body is moving with a velocity © 


direction to that in which it started. 


(ii) Distance trave 
a uniform acceleration 
3 Let the body move along a. strai 
tion f, and let w and v be 1 
any interval ¢ during 1 
As the accoleration is unifor 
y from ù to V, the average velocity 
something intermediate between 


the middle of the time considered, i.t. 


from (i), Art. 39. 


the motion, 


uired in time t secs. 
ft. per sec. per sec. ) 


beginning of an 
js f, the velocity of the body is 


d by a velocity of f ft. per sec. 


from rest and acquire: 
cceleration ? 
g minutes =120 secs. 


44 ft. per se 
What is the velocity af 


2 
1444-(—32) X10=144— 


rsed in t secs. 
of £ ft. per sec. per sec: 

ght line with uniform accelera- 
at the beginning and end of 


ts velocities 
he distance traversed. 


ing its motion, $ being t 


m, and the yelocity 
during the time should therefore be 


uand v. Let V denote its velocity at 


(iine ee seme = 


> Ee 


and s the distance — 


by a body moving b 


interval of time 


l 

J 

i 

: 

: 
fo 


ypaurtft. ; oF; 800000=0+f. 120 5 
per sec. per sec. 
c. at an ins 


tant and is subject 
ter 10 seconds? 


0= —176. 
£ 176 ft. per sec, in the opposite 


by a body moving with 


gradually changes 


ab time 5" go that, V =u fxi 


Apia eSeE- 
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Mark on the paper, by means of your pencil point, the direction 
of the forces, and, taking a 
convenient scale, say, an 
inch per pound-weight, mea- 
sure off along OK and OH, 
lengths OA and OB, con- 
taining 3 and 4 units to re- 
present P and Q respectively. 
Complete the parallelogram 
OACB and join OC. It will 
be observed that, (i) the dia- 
gonal OC is vertical, and 
that (ii) OC is in the same 
straight line with OR, and 
contains R units (i.e. 5 units) 


Fig, 33(a)—Verification of the law of 
Parallelogram of Forces. of length in the same scale. 


Conelusion——The knot O is in equilibrium under the action of 
three forces P, Q, and R. So the resultant of P and Q is equal and 
opposite to the force R (i.e. 5 1b.), acting vertically upwards. But 
OG is vertical and it contains R units (i.e. 5 units) of length. Thore- 
fore OC represents the resultant in magnitude and direction of the 
forces P and Q represented by OA and OB respectively. This proves 
the law of parallelogram of forces. 


N.B. (i) The downward force R represented by OR at O, 
which is equal and opposite to the resultant of the forces represented 
by OA and- OB and by which the system is kep in equilibrium, is 
called the equilibrant of those two forces. 


(is) The above experiment will be found to be true whatever 
be the relative magnitudes of P, Q, and R, provided that any one of 
them is not greater than the sum of the other two. 


48. Illustrations :— (i) Ifa boat O is pulled by two tugs in two 
different directions, and the forces exerted 
on the tugs are represented, in magnitude 
and direction, by two lines, OA and OB 
respectively [Fig. 33(b)], then the boat 
instead of moving in the direction of either 
of the forces OA or OB, will move along 
OD, the diagonal of the parallelogram 
constructed with OA and OB as adjacent 

Mao AN represents the resultant of 
In strifing the tas. 


Fig. 33(b) 


city, v= 0 after penetrati walks across the floor of a compartment of a 
retardation f is to be calcnla® velocity represented by OA (Fig. 33(d)] while 


(running with a velocity OB, the resultant velocity 
7, 0%=200? -2f%7-she obtained graphically jn the same way- 
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EQUILIBRIUM OF FORCES ACTING UPON A PARTICLE 


49. Triangle of Forces :— If three forces acting at a point be 
represented in magnitude and direction by ihe sides of a triangle 
taken in order, they will be in equilibrium. 


[N.B. The forces here act at a point and not along the sides of 
the triangle. They are only represented in magnitude and direction 
by the sides ofa triangle taken in order; the last expression means 
that the direction of the forces must be taken the same way round, 
i.e. they must go round the sides of a triangle all in the same directions, 
either clockwise or anti-clockwise.) 


Fig. 34 


Suppose the forces P, Q, and R, acting at Oare such that they 
can be represented both in magnitude and direction by the sides 
AB, BO, and CA respectively of the triangle ABO (Fig. 34) ; the 
theorem states that they shall be in equilibrium. 


Proof.— Complete the parallelogram ABCD, BO and AD being 
equal and parallel, the forces represented by BO and AD are tho 
same. By the parallelogram of forces, the resultant of the forces AB 
and AD is represented by AC, both in magnitude and direction. 
Hence the resultant of the forces AB, BC and CA is equal to the 
resultant of forces AC and. CA and is thus zero. Hence the forces 


P, Q, and R, are in equilibrium. 


(a) Converse of the Triangle of Forces.—The converse of the 
triangle of forces is also true. This can be stated as follows: “If 
three forces acting at a point be in equilibrium, they can be repre- 
sented in magnitude and direction by the three sides of a triangle 
taken in order.” 

$ E » weiznts P 

[N.B. The corresponding sides of the triangle reprsh are together 
forees (which will be proportional to the respective & the weights P 
drawn parallel to the respective forces or respectivag vertically down- 
to them or at any equal angles with them, taken the in equilibrium under 
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(b) Experimental Proof— On the same sheet of paper used 
for the experimental verification of the law of parallelogram of 
forces (Fig. 33(a)] draw aline parallel to the force P and from this, 
measure off a length ab to represent, to a convenient scale, the 
magnitude of P. From b draw be parallel to the force R and make 
its length represent, to the same scale, the magnitude of R. In 
this way draw from C another line parallel to the force @ and 
containing Q units of length. Ifthe whole work js accurately done, 
the end of the last line will coincide with the starting point a, and 
this line closes the triangle abc. Mark, by means of arrowheads the 
directions of the forces on the sides of the triangle, and it will be 
found that the arrows go round the sides of the triangle in order. 


(c) Practical. Problem: A Hanging picture.—In Fig. 35a 
picture is suspended by the same string ACB from anail © round 
which the string passes. It is in 
equilibrium under the action of the 
following forces : (i) the weight W of 
the picture ; (ii) the tension T, of the 
string along AC ;-and (iii) the tension 
Ta along BO. As the same chord 
passes round C, T, = T3. The wt. W of 
the picture acts vertically downwards 
through the centre of gravity of the 
picture which is vertically below C, 
io. W passes through O. The three 

Fig. 85—A Hanging Picture. forces, therefore, meet at the point C, 

ý and are, moreover, in equilibrium. 
So, by the principle of the converse of the triangle of forces, draw 
three lines ab, be and ca representing in direction and magnitude the 
three forces W, T, and Ta respectively. [It may be noted that if the 
value of W is known, the values of T, and Tz, which are equal, and 
which are represented by the lengths be and ca, are also known, 
because they are drawn to the same scale.] 


Win 


LLLA 


ARENY 


v 


LLL 


Ifthe string is shortened as shown by dotted line ANB, it will 
be seen, by applying the same principle that tensions 7T, and T's off 
the string now will be represented by the sides be, and cæ which 
will be greater than bc and ca respectively. That is, the tensions 
are increased. Itis clear from this that if the string is shortened too 
` much, it is likely to break. 


50. Lami’s Theorem :—If three forces acting ata point bein 
- equilibrium, then each is proportional to the sine of the angle between 
the other two. 
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Suppose the three forcas P, Q, and R, acting at O are in 
equilibrium (Fig. 36). Then according to this 
theorem, 

P nd Q iz R 
sin (Q, R) sin (R, P) sin (P, Q) 

Te RE R 
That, 5 x aE A- alB- EFI 

The converse of the Lamis theorem is also 
true. That is, if three forces acting at a point 
be such that each is proportional to the sine 
of the angle between the other two, they must 
be in equilibrium. 

51. Polygon of Forces :—Jf any number of forces, acting at a 


point, be such that they can be represented, in magnitude and direc- 
tion, by the sides of a closed polygon, taken in order, they shall be 


in equilibrium. 
Suppose the forces P, Q, R, S, and T acting at a point O are 


such that thoy can be respectively represented, both in magnitude 
and direction, by the sides AB, BC, OD, DE, and EA of the closed 


Fig. 86 


Big. 37 


polygon ABODHA (Fig. 87). Then the forces P, Q, R, S, and T 
shall be in equilibrium. 


Join AC and AD. The resultant of forces AB and BO is by the 
law of, parallelogram of forces, given by AC, Similarly, the resultant 
of AG and CD, by AD, the resultant of AD and DH, by AE. Hence 
the resultant of all the forces is equal to the resultant of AF and 
BA, i. o. the resultant vanishes. In other words, the forces will be in 
equilibrium. The above construction applies to any number of forces. 


The converse of the polygon of forces is not true. 


52. Resolution of Forces :—We have seen above that two 
forces acting at a point in different directions can be compounded by 
the parallelogram law into a single resultant force. Conversely, a 
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single force acting at & point can be resolved into two components by 

logram. with the given single force as diagonal 

when the two adjacent sides of the parallelogram meeting at the point 

of application of the single given force give the two components of it. 

But as an infinite number of parallelograms can be drawn with a given 

diagonal, an infinite number of pairs of 

B components can be obtained unless the 

directions of the components are 
specified. 

53. Components of a single Force 
in two assigned Directions :—Suppose 
P is a given single force acting ab O along 
oc (Fig. 88). Its components along the 
two assigned directions OA and OB will 
be given by tho adjacent sides OM and 
ON of the parallelogram OMCN. li P 
Fig. 38 makes an angle 4 with OA and B with OB, 


_ P sin’ ips teks 
OM= 5 (a +f) 94 ON dae) 


54. Resolution of a Force into two Components at Right. 
Angles to each other :—This is in practice the most important; case 
of the resolution of a force into two components. 


Suppose OC (Fig. 39) represents a force P to be resolved into two 
components one of which is, suppose, in the direction OA making an 


B 


£A 
(07 M 


Fig. 39 


anglo 4 with oc and the other is perpendicular to OA. In both the 
above figures, the adjacent sides OM and ON of the parallelogram 
OMCN give the desired components, of which 


OM=P cos 4, and ON=P sin 4. 


55. Resolved part of a given Force in a given direction :— 
The resolved part of a given forco P in a given direction OA is the 
component OM in the given direction which together with a com- 


ponenti ON in a direction ab right angles to the given direction is 
equivalent to the given force (Fig. 39). Thus, the resolved part of P 
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along OA=OM = P cos 4, ie. ij is obtained by multiplying the given 
oe by the cosine of the angle between the given force and the given 
irection. 


The resolved part of a given force ina given direction represents 
the whole effect of the force inthe given direction. Tt follows, there- 
fore, thata force cannot produce any effect ina direction perpendi- 
cular to its own line of action, for the resolved part (P cos +) of the 
force P in a direction perpendicular to its own line of action is zero, 
& being equal to 90°. 


56. To find the resultant of a Number of Coplanar Forces 
acting at a point :— Let P1; Ps, Ps, denote several coplanar forces 
acting at any point O (Fig. 40). Take any y 
direction OX in the plane of the forces, P, P 
and draw OY, perpendicular to OX. Eag 

Resolve each force into two compo- 
nents, one along the direction OX, and P 
the other along OY. 

Let the components of P;, Po, ete. 
along OX be X y, Ys, etc. and compo- 
nents along OY be Yj, Ye, etc. 

Now, if X bo the resultant of all the O 
forces along OX, 

RS EAFA Feneis Fig, 40 

Similarly, if Y be the resultant of all the forces along OY, 
Viet Vig thd ected ait oaasis iaia 

The whole system of forces is then reduced to two forces, X and 
Y;and, if R be the resultant and ifthe resultant R makes an anglo 
a, say, with the direction of X, R cos x= X, and R sin «= Y; by 
squaring and adding, we have, 


R2=X?+ VY? =(X,+ Xot+Xst... 
Also, tan «= Y/X, ' 

57. Conditions of Equilibrium of any Number of Forces 
acting at a point :— If two forces acting 
ata point are in equilibrium, they must be 
equal and opposite. If any number of 
forces Pa, Pe, Ps, Pa, ete. acting atia 
point O (Fig. 41) be in equilibrium, then, 
according to Art. 56, 


J +(Ya + Yat Ysin) 


R? =X? + Y? = 0, where R is the resul- 
tant of the forces, and X, Y are the algeb- 
Fig, 41 raio sum of the resolved parts of the 
forces in the two mutually perp. directions OX and OY. Now the 
sum of the squares of two real quantities X, Y cannot be zero unless 
each is separately zero ; 
“. X=0, andY=0. 
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Then, the necessary conditions for the equilibrium of concurrent 
forces may be obtained as follows :— 

(1) Equate to zero the algebraic sum of the resolved parts of 
all the forces in some fixed direction. : 

(2) Equate to zero the algebraic sum of the resolved parts of 
all the forces in a direction perpendicular to the former. 

The aboye two conditions are necessary and can also be shown 
to be just sufficient. Conversely, if the algebraic sum of the resolved 
parts of all the forces in two mutually perpendicular directions be each 
separately zero, the forces acting at the point shall be in equilibrium, 


58. Some Practical Problems :— 


Gi) Why it is easier to pull a Lawn-roller on soft turf than 
to push it——When pulling the roller by the handle, the force OA 
(Big. 42), representing the force exerted by the hand, may be rə- 
solved into two components;one OB acting horizontally, is effec- 
tive in pulling the roller, and the other OC, which is vertically 
upwards, acts ina direction opposite to the weight of the roller, and 
thus reduces the pressure exerted on the ground, and so the normal 
reaction. Consequently, the force 
of friction (between roller ‘and 
turf) opposing the motion is also 
reduced [vide Chapter VII] and 
it becomes easier to pull the roller. 


oO. i } Ciactan: 


When pushing the roller, the 
force 0,A, is resolved into two 
components O,B, and 0,0, of 

Fig. 42 which 01B, is effective in push- 
ing the roller forward and O,C,, acting downwards, adds to the 
weight of the roller, and so increases its pressure on the ground. 
Consequently, the force of friction (between roller and turf) opposing 
the motion is also increased and it becomes more difficult to move 
the roller forward. 

(Gii) The sailing of a boat against Wind.— Let tho line PL 
represent the sail and let the 
force due to the wind be repre- 
sented in direction and magnitude 
by WK. Resolve the force WK 
in two components, one LK 
parallel to, and the other NK 
perpendicular to the surface of the 
sail (Fig. 48). 


The force LK acting along 
the surface of the sailis ineffective 
and the effective component of the wind pressure is measured by NK. 

Now resolve NK into MK along, and DK perpendicular to, the 
length AB of the boat. The component MK drives the boat forward 


Fig. 43 
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while the component DK tends to make the boat move at right angles 
to its length, i.e. sideways. 

Tt should be noted, however, that the component DK moves the 
boat very slowly at right angles to its length, the resistance to motion 
in that direction being very great. A 
rudder is usually applied at A to neu- 
tralise this component. 


(iii) The Effective Pressure of the 
Foot on a Bicycle Crank.—In cycling, 
the effect of the pressure applied by he 
foot on the crank changes according to the 
position of the crank. In Fig. 44 when 
the pressure of the foot is applied ver- 
tically downwards, with a force represent- 
ed by OO, the component OB of it along 
the crank is lost, and the component 0A, 
acting perpendicularly to the crank, is 
only effective in driving the cycle. It is evident that when the 
pressure of the foot acts perpendicularly to the crank, the paddling 
becomes most effective because in that position no component of 
the pressure is lost. 


(iv) Flying of a Kite.— Let AB be the surface of the kite 
[Fig. 45(a)]. Though the wind pressure acts on all parts on the undor- 
surface of the flying kite, the total effect of it may be taken to be 
equivalent to a single force CO acting-at a point O. The force CO 
may be resolved into two components, one OD acting along the 
surface, and the other OF acting at right angles to it. For the 


E 


Fig. 44 


la) (0) 
Pig. 45 


steadiness of the kite, OD is not effective, and the component OF is 
the effective part of the wind pressure. Besides the forco OE due to 
the wind pressure, there are two other forces, the tension T (repre- 
sented by OT) of the string, and the weight W (represented by ON) 
of the kite acting vertically downwards [Fig. 45(b)]. The kite is in 
equilibrium under the action of these three forces. For the kite to 
bo at rest, OH must be equal and opposite to the resultant of OT and 
ON, which is represented by OR. It OE increases, the kite will 
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riso until OR is again equal and opposite to OH. The weight W 
being constant, OR may increase due to any increase in the tension 
T. Again when the kite rises, the angle between T and W becomes 
less, and due to this also, their resultant OR may increase. Similarly, 
when the wind pressure decreases, the kite will fall. When the 
magnitude or direction of the wind pressure suddenly changes, the 
kite moves irregularly, but this is diminished by attaching a tail to 
the Ikite, which under the action of wind pressure, check the sudden 
irregular moyements. 
(v) Flying of an Aeroplane.— It is seen, in the case of the 
flying of a kite, that wind pressure js an absolute factor. For this 
reason, when, ab starting, the kite is near the ground, where there may 
be very little wind, the boy trying to fly the kite has got to run fast 
by holding the string. This produces sufficient wind pressure upon the 
surface, due to which the kite may rise to a considerable height where 
there may be sufficient air current and the running may no longer be 
necessary. The faster the running the better the flight. In other 
words, there must be sufficient wind pressure on the surface of the 
kito to make it rise toa considerable height into the air. This may be 
obtained by the movement of the air or the movement of the kite. 


Tf the string of a flying kite breaks, the equilibrium of the forces is 
destroyed, and the kite either trembles, or glides down to earth back- 
wards. If it were possible 
to attach to the kite just at 
the moment of rupture, a 
weightless engine and pro- 
peller, exerting a pull equal 
to the tension of the string 
the kite would remain sba- 
tionary. Besides this, if the 
wind pressure drops sud- 
É denly and the engine gives 

w B the kite a motion in a suita- 
Fig. 46 able direction so as to pro- 
duce the wind pressure equivalent to the original one, the kite will 
agin be stationary. If the magnitude of this wind pressure be 
increased by faster motion of the engine, the component OH (Hig. 46) 
will increase and the kite will move forward, and act as an aeroplane, 
i.e. a selfsupporting heavier-than-air machine. The boy, running 
with his kite in order to produce a sufficient wind pressure on the 
surface of the kite, resembles very closely an aeroplane in which an 
engine and propeller take the place of the boy, and like the action 
of the boy, the action of the engine and propeller produces sufficient 
wind pressure on the wings of the aeroplane. 


An aeroplane must haye a minimum velocity of 50 miles an hour 
in order to maintain its flight in the air, and if, any how, this speed 
be lost the machine cannot be controlled and the journey becomes 
highly dangerous. 
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Let AB represent the surface of the main wing of an aeroplane 
and OF the total wind pressure acting at O (Bg. 46). OH may bo 
yesolyed into two components, one OC acting horizontally and the 
other OD acting vertically upwards. Besides these two component 
forces, the weight W of the aeroplane acts vertically downwards at 
the centre of gravity of the 
aeroplane. At the time of 
starting, the engine makes the 
propeller rotate swiftly due to 
the action of which the aero- 
Plane runs forward on the 
ground, and, when the speed 
of the aeroplane becomes rapid 
enough to make the vertical 
component of the wind pres- 
sure, namely OD (Fig. 46), 
slightly — greater than the 
weight W, the aeroplane 


Fig. 47—Aeroplane. 


leaves the ground and rises. The forward motion of the aeroplane, 
pesides creating wind pressure on its wings, as described above, also 


Now the action of the two forces OD and .W (Big. 46) would 
tend to turn the wing into a vertical position to prevent which there 
js a tail-plane ab, like the tail of the kite. The wind pressure acting 
on the tail-plane, the angle of which is controlled by the pilot, keeps 
the inclination of the wing constant. 

The movable parts of the tail of the aeroplane modify the wind 
pressure so that the machine can ascend or descend according to the 
will of the pilot. Tho pilot also controls the rudder (Fig. 47) which 
is attached to the tail, and which works exactly like the rudder of 
a boat. 

59. Composition of Velocities and Acceleration :—The para- 
law of finding the resultant as explained in Art. 46 in 


}lelogram 
connection with two forces acting ab a point, 
P C applies equally also to the caso of a movibg 
point having two simultaneous velocities or 
v, accolorations, Hence, if a moving point has 
two velocities or accelerations given by % and 
oak, inclined at an angle 0 and if w bo their 
o resultant passing through the same point. in- 
£ clined at an angle 4 with the direction of t 
Fig. 48 then 
w? =u? +02 + 2w cos O p> (1) and, 
v sin 0 
fan ot w+ cos O (2) 


Example. The wind blows from a point intermediatae between north and 


east, The southerly component of velocity is 5 m.p.h. and the westerly 
component is 12 m.p.h. What is the velocity with which the wind blows? 
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(vide Art. 59). Use the equation, w2=u*+v2+2uv cos 6, where w=5, v=12, 
6=90°, w=? The velocity of the wind, w= ,/(5?+12*)=13 m. p. h. 

60. Resolution of Velocity or Acceleration :—The principle 
of resolution as explained in the case of a force in Arts. 53 and 54, 
along any two assigned directions and two mutually perp. directions, 
applies wholly also to be the case of velocity 
or acceleration. 


61. Triangle of Velocities :—If a 
moving point possesses simultaneosuly 


Angi- 


B velocities represented by the two sides, 
y. AB and BO of a traingle taken in order, 
Fig, 49 they are equivalent to a velocity given 


both in magnitude and direction by AC (Fig. 49). 
62. Polygon of Velocities :—If a moving point possesses simul- 
taneously velocities represented by the sides AB, 
BO, CD and DE of a polygon, the resultant 
velocity will bo given by AH (Fig. 50). \ 
63. Relative Velocity:—The velocity of a | 
body is usually given with respect to some object cC 
which may be regarded as fixed. For example, 
the velocity of a body on or near the earth’s A 


surface is usually given with respect to some B 
object fixed on the earth. But sometimes it | 
becomes necessary to know the velocity of one Fig. 50 


body with respect to another when both of them are in motion. Such 
yelocity is called relative velocity and may be stated as follows :— 


When the distance between two bodies is altering, either in direc- 
tion or in magnitude or in both, then either body.is said to have a 
velocity relative to the other ; the relative velocity of one body B with 
respect to a second body Ais obtained by compounding with the velo- 
city of B a velocity which is equal and opposite to that of A. 


When those two bodies (A, B) are travelling in the same direction 
with uniform velocities u and v respectively, the velocity of B relative 
to A is thus (v-w); and so the relative velocity will be zero when 
they trayel with equal velocity. If they are travelling in opposite 
directions the relative velocity is v—(—1), i.e. (v +u). 


If two bodies do not move on parallel 
lines but on lines inclined to each other, pro- 
ceed as follows :— 


Let the first body A move along OC with 
a velocity % whilst the second body along OD 
at an angle @ to OC with a velocity v (Fig. 51). 
Resolve v parallel to OC and perpendicular to 
OC, the resolved parts being respectively v cos 
8 and vsin 9. So according to definition, the 
velocity of B relative to A, is (v cos 0-u) 
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Parallel to OC, and (v sin 9-0) perpendicular to OO, for w has no 
component in that direction. Thus, the velocity of B relative to A} 
has, in this case, two components (v cos 0-4), parallel to OO and v 
sin 6, perpendicular to OC. The 
resultant of these two compo- 
nents gives the velocity of B 
relative to A. 

Example. A ship steams due 
east at 5 Knots* and another due north 
at 12 Knots. Find the velocity of 
the first ship relative to the second. 

In this case the observer is in the 
second ship and so the relative velo- 
city R is obtained by compounding 
the velocity of the first ship, i.e, 5 
Knots due east with a velocity equal 
and opposite to that of the second, 
i.e. 12 Knots due south ( Fig. 52). 

7. R= (52-412?) Knots =18 Knots. 

This relative velocity is inclined 
to the south at an angle @ given by, 
tan O=} ; or, 0=tan*yy- 


z 
> 


Š 
= 
= 
ñ 
EA 
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Moments 


64. Moment of Mass :— The moment of amass about a given 
point or plane isthe product of the mass and the distance of the 
mass from the point (or plane). 

Centre of Mass.—The centre of mass of a given hody or a 
system of bodies rigidly connected together, isa point such that ifa 
plane is passed through it, the ‘masi-moments (moments of masses) 
on one side of the plane is equal to the mass-moments on the other 
sido. The centre of mass of all regularly shaped bodies lies at their 
geometrical centres. 

65. Moment of a Force about a given Point :—Tho moment 
ofa force about a given point is the product of the forco and the 
length of the perpendicular drawn from the given point upon the 
line of action of the force. The length of the perpendionlar drawn 
from the given point upon the line of action of the force is called the 
arm of the moment, The moment, therefore, never vanishes unless 
(a) either the force vanishes, or (b) the arm of the moment is zero, 
ie. the line of action of the forco passes through the point about 
which the moment is taken. 

66. Effect of a Force applied to a Body :— From Newton's 
first law of motion it follows that the offect of a forco necting ona 
body is to make if move ifit is at rest, or change its motion it itis 
already in uniform motion. Now motion may be either translatory 
or rotatory. The question then arises whether a forces externally 


*Knot=a speed of 1 sea-mile per hour. A sea-mile is that arc of the 
earth's surface which makes an angle of 1 minute at the earth's centre, The 
British Admiralty counts this distance to be 6020 feet. 
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impressed on a body will produce translatory or rotatory motion or 
both. The nature of the resulting motion depends on the position or 
point of application of the force to the body and on the condition in 
which the body is placed. Ifthe body is free and the line of action 
of the force passes through the centre of mass of the body, the result- 
ing motion will be translatory. Ifthe line of action of the force does 
not pass through the centre of mass of the body, the force produces 
translation of the body accompanied by rotation. 

To illustrate this last point, leb us consider a plane lamina (a 
body of small thickness, e.g. a piece of sheet-tin) 
whose centre of mass, suppose, is at C (Fig. 68): 
Let a force Pact on the body in tho direction 
shown in the figure and ON be the prependi- 
cular drawn from C upon the line of action of 
P. To find tho effect of P upon the body ima- 
gine two equal and opposite forces P;, Po, acting 
jn the same line applied at the point O, each 
being equal to P and parallel to the line of 
action of P. These two self-neutralising forces 
Pı, Pa donot inany way alter the conditions under which P was ap- 
plied, P, acting along CP, causes translation of the body in its own 
direction, whereas P and Pa together rotate the body in an anti-clock- 
-wise fashion.* Soin considering the effect of a force upon a body, 
not only the magnitude and direction of the force are important, as 
pointed out by Newton's second law of motion, but the position or 
point of application of the force to the body is also important. 

(a) Physical Meaning of the Moment of a Force about a 
Point or Axis.—If a body is restrained, or fixed at a given point of it or 
about a line, no translatory motion of the body 
is possible. Let the plane lamina shown in Fig. 
54, resting on a smooth table and fixed at the 
point O by means of a nail or hinge, represent 
‘such a body. 

The effect of a force P acting on the body as 
shown in the figure would be to cause it to turn 
about the point O as centre and this effect would 
not be zero unless (1) the force P were zero, or (2) 
the force P passed through O, when ON would be x 
zero. The magnitude ofthe turning effect, , or Fig. 54 
moment, will depened on (a) the magnitude of P, and (b) the length of 
‘the perpendicular ON drawn from O upon the line of action of P. 
The turning action will be proportional to P, when the arm ON is 
constant and proportional to the arm ON when Pis constant and so 
the perpendicular ON drawn from O upon the line of action of P, 
about O, and is taken asa fit measure of the tendency of P to turn 
the body about O. The moment is also called torque. 


* The sense in which the hands of a clock rotate is called the clockwisé 
direction and the opposite sense is called the anti-clochwise direction. 


Fig. 53 3 
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(b) Positive and Negative Moments.— The moment of a force 
about a point or axis is a vector quantity. In Fig. 54, the moment 
of the force P about O, represents a turning effect tending to rotate 
the hody about O in an anti-clockwise direction. Such anti-clock- 
wise (or contra-clockwise) moments are, by convention, called positive 
moments. The moment of P’ about the same point O is such that 
it tends to rotate the body in the clockwise direction. Such a 
moment tending to cause clockwise turning effect is called a negative 
moment. 


(c) Algebraic Sum of Moments.— The algebraic sum of the 
moments of a set of forces about a given point is the sum of the 
moments of the forces, each moment being given its proper sign, 
positive or negative, as defined above, profixed to it. 


67. Principle of Moments :—If some forces in one plane acting 
on a rigid body have a resultant, the algebraic sum of their moments 
about any point in their plane is equal to the moment of their result- 
ant. Ifthe body is at rest under the action of several forces in the 
sameo plane, the algebraic sum of the moments of the forces sbout 
any point in their plane is zero. That is, the sum of the contra- 
clockwise moments is equal to the sum of the clockwise moments. 


68. Moment of Inertia (or Rotational Inertia) :—The part 
played by the mass of a body in linear motion is played by the 
moment of inertia of the body in rotational motion. In studying 
rotational motion, the moment of inertia and the angular velocity are 
to be used corresponding to mass and linear velocity in translatory 
motion. 


69. Kinetic Energy of a Rotating Particle :— Consider 
a particle of mass m (Fig. 55) rotating about 0 
asaxis in a circle of radius 7 with a constant 
angular !speed w. Its K. B.=4m x (linear velo- 
city)*, ab any instant - 2m x (wr)? =4mr7w*. If 
mr?=I, we have K.B.=42w*®. The quantities 
Tand w in rotational motion thus play the same 
part as mass (m) and velocity (v) in linear 
motion. The quantity Z (=mr°) is called the 
moment of inertia of the particle of mass m 
about the axis O, the distance of the particle 
from O being r. Fig. 55 


70. Moment of Inertia of a body about an Axis :— Consider 
a body HFG rotating round the fixed axis AB with constant angular 
velocity w (Fig. 56). The body may be supposed to be built up of 
innumerable particles of masses, Mi, Ma, Mg, Cle Let their dis- 
tances be 71, Ta, Ts, etc. respectively from the axis AB. But each of 
these particles has the same angular velocity w, though their linear 
velocities will vary depending on their distances from the axis AB. 
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Kinetic energy of the body will be equal to the sum of the kinetic 
energies of these particles. 
A `. KE.=EE. of m,+K.E. of ma+ 
BG PC OVENEE 1 teat ERAI AFA, 
=4$m,(wr;)? +ġmalwr)? 
Himalwrs) + eceescseees 
=}4fmır; + mare? +H mars} Xw? 

The summation within the second bracket 
is usually written as Smr?. 

©. K.E.= 45m? X w*. The quantity Smr? 

B is called the moment of inertia of the body 
5 and is the sum-total effect of the product of 
Fig. 56 the mass of each particle and the square of its 
distance from the axis of rotation, That is I=miri? + mara? + 
NUNS THF Sainan 

[KH.=%xXI (moment of inortia)xw?(sq. of angular velocity).] 

Angular Momentum = Zw 
=r xw 
=m;lr1? X w)+ malra? X w)+ma(r32 X w)+... 
=(mırı Xw)rat+(narsX w)rat...... 
=(my03)ra+(mava)rg+ Sees 
=sum of the moments of the linear momenta 

of the particles constituting the body. 

=Moment of Momentum. 

71. The Radius of Gyration :— If the whole mass M of a body 
(Fig. 56) be supposed to be concentrated at a point such that the 
K.E. of this concentrated- mass rotating about an axis AB is equal 
to K.E. of the body with distributed mass rotating about the same 
axis AB, then the distance K of this concentrated mass M from the 
axis of rotation is called the radius of gyration of the body about the 
axis. Thus, 

Tap=myr17+mary?*+mars?+...... = MK?, where K is the radius of 
gyration of the body. 

72. Parallel Forces :— Forces whose line of action are parallel 
are called parallel forces. They are said to be like parallel forces 
when they act in the same direction and are said to be unlike parallel 
forees when they act in opposite directions. 

RULES FOR PARALLEL FORCES ACTING UPON A RIGID BODY 

(a) Like Parallel forces.— They always have a resultant. The 
direction of the resultant is parallel to the direction of the forces. To 
find the magnitude and the point of application of the resultant of 
two like parallel forces, say, P and Q (Fig. 57), at any distance apart, 
draw any line AB perpendicular to the lines of action of the forces, 
then the resultant forco R will act through C on AB such that 
Px AC=QX OB; 
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AC_@Q 


or, gB P’ That is, the point C divides the line AB internally 
in the inverse ratio of the forces. 
AO ee Oe 
From above, We+0 +P ie AS ee E roa 3 
40__Q_. J 
AB QFP f : 
Q ) n ! 
or, A0 = 5% A fer el 1 
; GP YR 
Equation (1) gives the position of C Bake 


when P, Q, and AB are known. The 
magnitude of R= P+Q......(2). This resultant Æ and a third like 
force may be combined as aboye and a new resultant may be deter- 
mined. Proceeding in this way, the ultimate resultant for any number 
of like parallel forces may be found both in magnitude and position 
of action. 


(b) Unlike parallel forces.- If two unlike parallel forces are 
unequal, they have a resultant force. The case of two unlike and 
equal parallel forces is discussed after- 

P wards under the couple. - 
Draw any line AB (Fig. 58) perp. to 
the lines of action of the unlike parallel 
forces P and Q, (P>Q), and produce it 


E to G such that OGA PE OB.Q.........(l). 
C E ee B That is, C divides the line AB externally 
in the inverse ratio of the forces, The 


point O gives the position through which 

Q the resultant force acts, its direction 

_ being the same as that of the greater 

Fig, 58 force P, and the magnitude Bae Ge 
Auras 2). 


73. The Couple :—The equal unlike parallel forces, whose lines 
of action are not the same, form a ‘couple. The per- 
pendicular distance between the lines of action of the 
two forces forming a couple is called the arm of the 
couple. The moment of the couple is the product of one A 


of the two forces forming the couple and the arm N 
of the couple. A couple acting on a body exerts a Sa 
turning effect on it and the moment of the couple, Ne 


known also as torque, measures this turning effect. B 
An anticlockwise moment is conventionally taken as 
positive and a clockwise moment as negative. Thus in P 

Fig. 59, the couple (P, P) having arm AB tends to pro- 

duce rotation of a body in the clockwise direction and Fig. 59—A 


thus illustrates a negative couple. Clockwise 
Couple. 


Vol. I—5 


66 INTERMEDIATE PHYSICS 


74. Theorems on Couples :—The algebraic sum of the moments 
of the two forces forming a couple about any point in their plane is 
constant and equal to the moment of the couple, The effect of a 
couple on a rigid body is unaltered, if it be transferred to any plane 
parallel to its own, the arm remaining parallel to its original direction. 
Any number of couples in the same plane acting upon a rigid body are 
equivalent to a single couple whose moment is equal to the algebraic 
sum of the moments of the couples. A single force and a couple acting 
in the same plane upon a rigid body cannot produce equilibrium. To 
balance a couple, a couple of equaland opposite moment acting in the 
same plane or in a parallel plane is necessary. 


75. Action upon a Rigid Body :— 


(i) Oase of three Coplanar forces producing equilibrium. — 
If three forces, acting in one plane upon a rigid body, be such as to 
keep it in equilibrium, they must either pass through a common point 
or be parallel. 


(ii) Case of any number of Coplanar forces—Any system of 
forces acting in one plane upon a rigid body can be reduced to either 
a single force or a single couple. 


(a) Conditions of Equilibrium of a Rigid Body.—Necessary 
and sufficient conditions for the equilibrium of a rigid body acted on 
by a system of coplanar forces may be obtained as follows :— 


Here both translation and rotation are to be taken into account. 
For no translation to take place, the resultant must be zero: for no 
rotation, the algebraic sum of the moments of all the forces round any 
Point in their plane must be zero. If all the forces pass through any 
one point of the body, they cannot produce rotation, and the conditions 
of equilibrium are the same as those for a prrticle (vide Art. OY). If 
they all do not pass through the same point, proceed as below— 


1. Equate to zero the algebraic sum of the resolved parts of all the 
forces in some fixed direction. 


DAE Vcc sec ea in a direction perpendicular to the former. 


3. Equate to zero the algebraic sum of the moments of all the 
forces about any point in their plane. 


76. Vector and Scalar Quantities :— Any physical quantity, 
which requires both magnitude and direction for its complete specifi- 
cation, is called a vector quantity, and other quantities having magni- 
tudes only are called sealar quantities. Displacement, velocity, 
acceleration, force, etc. which involve the ide: of magnitude as well as 
direction are examples of vector quantities; while speed, time, mass, 
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volume, density, ete. which have magnitudes alone and no direc- 
tion, are scalar quantities. ‘ 3 


In AIR any vector quantity, the following three things, 
(i> point of application, (ii) direction and (iii) magnitude, have to be 
considered, as pointed out already in the cise of a force [vide Art.] 
43(a)]. Remembering the above a suitable straight line can be drawn 
to represent any vector. 


Scalar quantities can be, as evident from their nature, added or 
subtracted arithmetically, but in dealing with vector quantities, the 
parallelogram law as already explained has to be applied. The method 
of finding the resultant of a number of vectors is called Veetor addi- 
tion or composition of vectors. 


77. Rene Descartes (1596—1650) :—Born in a noble family of 
Touraine in France, and received early education in a Jesuit school. 
He was placed in thearmy in which he spent an ardous life in 
Dutch, Bavarian, and Austrian services. He was temperamentally a 
petson who did not accept the 
ancient beliefs without putting 
them to systematic and deduc- 
tive tests. According to the 
church mandates prevailing at 
that time, the ancient beliefs 
were too holy to be put to tests 
and any such tests were unlaw- 
ful. At the age of twenty-three, 
so he went to Holland where he 
published his two famous books 
Discourse on Method and Medi- 
tations. Their contents antago- 
nised the church and he was 
compelled to shift to Sweden’ in 
1649. 


Geometry advanced little, 
after Euclid (330 2—280 B. C.), 
till Descartes took if up agin 
about two thousand yeurs “later. 
His mathematical gifts truly rank him as the founder of analytical 
geometry. The method of representing lines and curves with 
equations is due to him and. he is the originator of rectangular 
co-ordinates. The ‘Cartesian’ co-ordinates are so called after him. 
The Cartesian diver, a hydrostatic toy is also named after him. 
His invaluab'e direct contribution to science is his successful applica- 
tion of Snell’s law of refraction to the formition of the primary and 
secondary rainbows. ‘Though he calculated the semi-vertical angles 
correctly, the colours were left unexplained. This Newton did subse- 
quently. Hə died in Stockholm but his cofin was carried to Paris 
where it was lain. 


Rene Descartes 
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l. Explain the terms ‘absolute motion’ and ‘relative motion’. Which of 
them is more important to man, and why ? (Pat. 1932) 

2. Calculate the angular velocity in radians per second, of a particle that 
makes 300 r.p.m. What is the linear velocity if the radius is 4 ft. ? 

[Ans. $1;4 radianas/sec. ; 125°6 ft. /sec.] 

’ 

3. Explain what is meant by acceleration of a point moving in a straight 
line. Show that when a body moyes with a uniformly accelerated velocity in 
a straight line, the velocities at the ends of successive seconds are in arithmetic 
progression, (Pat. 1927) 
4, Derive the relation, S=ut+3}fi?. 


(Del. H. S. 1949; Anna. U. 1950) 

A train starting from a station is uniformly gaining speed until after 

2 minutes it acquires the maximum uniform speed of 60 m.p.h. What is the 
distance passed over by the train during the variable state of its speed 


[Ans. 5280 ft.] (C. U. 1957) 


5. A stone is thrown vertically upwards with a velocity of 160 ft. per 
second from the top of a cliff 120 ft. high. How high will the stone rise 
above the cliff, and after how long will it fall to the foot of the cliff? 
What will be the velocity of the stone when it is 80 ft. above the point of 
projection ? 

[Ans. (i) 400 ft.; (ii) 10:70 secs. from the instant of throwing; (iii) 143;1 
ft. per sec.] 

6. A velocity of one foot per second is changed uniformly in one minute 
to a velocity of one mile per hour. Express numerically the acceleration when 
a yard and a minute are the units of space and time. (Pat. 1923) 

[Ans. 9} yds. per min.2.] 

7. Explain the rule known as the ‘parallelogram of forces’ and show how 
it can be tested experimentally. 

(Utkal, 1947; Anna. U. 1950; And. U. 1950; M. U. 1951; Pat. 1955) 

8. (a) Define the terms ‘resultant’ and ‘equilibrant’ of forces, Explain each 
by means of an example. (b) State the law of triangle of forces and describe 
an experiment to verify it. (c) Three forces of 4, 5 and 6 gms. weight res- 
pectively act at a point and are in equilibrium. What are the angles between 
their lines of action ? 

[Ans. Angle between 4 and 5, 97°10’; between 5 and 6, 138°36’; between 
6 and 4, 124°14’.] 

9. Enunciate and give theoretical and experimental verification of the 
proposition known as the Triangle of forces. (Pat. 1932; "34; Nag. U. 1952) 

10. The following forces act at a point: 18 Ibs.-wt. due East, 16 Ibs.-wt. 
60° North of East, 25 Ibs.-wt. North-west, 40 Ibs.-wt. 75° South of West. Find 
graphically the resultant force at the point. 

[Ans. 7:37 Ibs.-wt. about 16° West of South.] 
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ll. Explain with the aid of a diagram the flight of a kite. (Pat. 1927, '31) 
12. Explain why it is easier to pull a Jawn-roller than to push it. 
(U. P. B. 1941; Pat 1941; 54) 


13. State and prove the law of parallelogram of velocities. 
(Utkal, 1954; Del. 1948) 


l4. A swimmer can swim in still water at the rate of 4 miles per hour, 
He wishes to cross a river flowing along a straight course at the rate of 2 miles 
per hour so as to reach the directly opposite point on ‘the other bank, In what 
direction should he attempt to swim ? 


[Ans, At an angle of 120° to the direction of the current.] 

15. What is meant by relative velocity ? Show how it is determined. Give 
examples to illustrate your answer. (Pat, 1946 ; cf. Utkal, 1951, '54) 

A man walking on a road with a velocity of 3 miles per hour encounters 
rain falling vertically with a velocity of 22 ft./ sec. At what angle should he 
hold his umbrella now in order to protect himself from the rain ? (Pat, 1946) 


[Ans. tan7? } with the vertical.] 

16. To a man walking at the rate of 2 miles an hour the rain appears to 
fall vertically; when he increases his speed to 4 miles an hour, it appears to 
meet him at an angle of 45°; find the real direction and speed of the rain. 

(Pat. 1951; Utkal, 1951) 


[Ans. 45° ; 24/2 miles per hour.) 

17. A railway passenger observes that rain appears to him to be falling 
vertically when the train is at rest, but that when the tain is in motion 
the rain-splashes on the window are not vertical. Explain this and show how 
the relative velocities of the train and the rain-drops may be determined. 
Explain also why a passenger is thrown forward in the direction of motion of 


a train when the velocity of the train is suddenly reduced. 

18. A man in a boat rows at 2 m.p-h. relative to the water at right-angles 
to the direction of the current of a river flowing at 2 m.p.h. Another man 
starting from the same point walks along the bank upstream at 3 m.p-h. How 
far apart will the two men be after six minutes ? 

{ Ans, 0:5385 mile.] 

19. A man walks across the compartment of a railway carriage at right 
angles to the direction of motion of the train, when the train is travelling 
at 10 m.p.h.; and walks back, with the same velocity relative to the. train, 
when the train is travelling at 21 m.p-h. His resultant velocity in the latter 
case is twice that in the former case. Prove that this velocity relative to the 
train is very nearly 3:7 m.p.h. 

20. When a train is at rest the rain-splashes on the window make an 
angle of 60° with the horizontal. When the train has a velocity of 25 m.p.h., 
this splashes make an angle of 30° with the horizontal. Find the velocity of 
the rain. (Utkal, 1948) 


[Ans. 12:5 m.p.h.] 
21. Define moment of a force and that of a couple. 
, (Nag. U. 1952; P. U. 1950) 
22. Define moment of inertia and explain its physical significance. 
a 3 (Poona, 1953) 
23. Write notes on moment of inertia and radius of gyration. 
(G. U. 1951; Bomb. 1954) 


—— 


CHAPTER IV 
NEWTON’S LAWS OF MOTION : FORCE 


78. Newton’s Laws of Motion :— 


The following three fundamental laws of motion were enunciated 
by Sir Isaac Newton in 168(. They constitute the very basis of the 
science of Dynamics and so also of the science of Astronomy. These 
Jaws are almost axiomatic ; but nevertheless, the exactness with which 
the positions and motions of all earthly and celestial bodies can he 
predicted from calculations based on them, lends the strongest support 
to the truth of these laws. 

(i) The First Law.— Every body continues in its state of rest or 
of uniform motion in a straight line, except in so far as it be compelled 
by any external impressed force to change that state. 

(ii) The Second Law.—The ‘change of motions’, i. e. the rate of 
change of momenium is proportional to the impressed force, and takes 
place in the direction in which the force acts. 

(iii) The Third Law.—To every action there is an equal and 
opposite reaction. 


79, The First Law of Motion :— 


The law embodies two aspects. 

(1) The first aspect of the law provides us with the fundamental 
law of inert material bodies, which may be called the Law of inertia, 
according to which, inert bodies have no tendency of their own to 
alter their states whether the state be a state of rest or a state of 
uniform motion in a straight line. The former tendency is referred 
to as intertia of rest, and the latter, intertia of motion. 


Illustrations of the First Law.— 

(a) Inertia of Rest.—(i) A rider on horseback experiences the 
effect of inertia, if the horse suddenly starts galloping, when the upper 
part of his body leans backwards. This is because the lower part of 
the body moves forward with the horse, with the upper prt tends 
to continue in its position of rest due to inertia of rest. (ii) Due to 
the same reason a passenger standing or sitting loosely in a car falls 
backwards when a train or a tram car suddenly starts. (iii) The 
dust particles lodged between the threads of a woollen coat fall off 
when beaten by a stick, because when the coat is suddenly set in 
motion, the particles tend to remain at rest. (iv) When a stone is 
thrown at a window pane, the pane js smashed but a high speed bullet 
fired against the pane makes a clean hole because the glass surface 
near the hole cannot share the very quick motion of the bullet and 
so remain undisturbed as before, whereas in the first case the shock 
js felt on the whole glass surface. 
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A simple experiment on the Inertia of Rest.—Take a ball and 
put it on a card just above a hollow cup fixed 
on a vertical stand (fg. 60). A strip of 
metal acting as a stiff spring is fixed 
vertically on the base and jts upper end 
(which is at least in level with the card) 
fe drawn to a side and clamped. When 
the spring is released from the clamp, 
it jumps back and strikes the card. The 
card is thrown away by the impact, but 
the ball on it, owing to jnertia of rest 
falls down on the cup. 


Fig. 60 $ 

(b) Inertia of Motion.—(i) A person alighting, without precau- 
tion, from a moving tram, is thrown forward. (ii) When at full speed 
if the horse stops suddenly, the rider on it will be thrown over the 
head of the horse. In each of the above cases, the lower part of the 
person comes to rest suddenly, while the upper part, due to inertia 
of motion, continues in the previous state of motion and so tho 
person falls forward. (iii) A ball thrown vertically upwards in a” 
Pipping train comes back to hand also vertically, if the motion of 
tho train is not changed in the meantime because the ball retains the 
game horizontal motion which it required from the train. (iv) A 
pendulum bob once set jn motion goes on oscillating for some time, 
and (v) also a cyclist paddling a free-wheel bicyle enjoys rest for 
some time due to inertia of motion. (vi) Before taking o long- 
jump an athlete runs from a little distance in order that the inertia 
of motion might help him jn his exertion to jump. 


(2) The second aspect of the law provides us with the definition 
offorce. The idea of force has really been derived from this 
aspect of the law. As an inort body must continue in its state of 
rest or in its state of uniform rectilinear motion as the case may be, 
unless impressed forces act on it to change its state, we find from this 
that a force is that which tends to set a body in motion or to alter 
the state of motion of a body on which it acts. 


Force.—It is not possible for any inert body to change its state 
by itself, whether the state be of rest or of motion. The change 
whatever it is, can only be effected by some external cause, which 
is termed force. Hence a force is that, which acting on a body, 
changes or tends to change the state of rest or of uniform motion of 
the body in a straight line. The definition of force is evidently 
derived from Newton's first law of motion. 


80. The Second Law of Motion :— 
Momentum*.—It is a property, a moving body possesses, by 


es Sea 
*Newton used the expression ‘change of motion’ instead of ‘change off 
momentum’. ‘Motion of a body’, he statés, ‘is the quantity arising out of the 
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virtue of its mass and velocity conjointly, and is measured by the 
product of mass and velocity. 

For instance the momentum possessed by a 400-ton train moving 
with a velocity of $} mile per minute is equal to the momemtum 
possessed by a 200-ton train moving with a velocity of 1 mile per 
minute. For, 400 x $=200 x L. 

The great havoc sometimes done by a cyctone is due to the great 
momentum of the moving mass of air. The mass of air may be small, 
but its velocity is very great, and so the momentum (i. e. mass x 
velocity) is large. 

By taking the hammer at a distance before striking a nail in order 
to drive it into a piece of wood, a greater velocity of the hammer is 
acquired and consequently a greater momentum is obtained. 

` [N.B. It must be noticed that momentum at any instant= 
mags x velocity at that instant (and not mass X speed), 7. ¢. momem- 
tum is a vector quantity and it should also he noted that there is no 
connection between the momemtum of a- moving body and the 
moment of a foree (Art. 65). 

81. The Units of Momentum :— Unit momentum is the momen- 
tum possessed by unit mass moving with unit velocity. 


The ©. G. S. unit of momemtum is |The F. P. S. unit of momentum 
the momemium possessed by a| is the momentum possessed. 
mass of 1 gm. moving with a | by a mass of 1 Ib. moving 
velocity of 1 cm. per sec. with a velocity of 1 ft. per sec. 

82. Measurement of Force :—The second law of motion gives 
us a method of measuring force. 


Let a constant force P continuously act on a particle of mass m 
and let u be the velocity and f the acceleration at any instant of time 
during the action of the force. Then, by Newton's second law 
of motion. 

P © rate of change of momentum (m. u) of the particle, 

<< (m X rate of change of «), for the mass m is constant. 
o< mf 
=kx mf, where k is a constant. 

Now, if we choose our unit of force as that which acting continu- 
ously produces unit acceleration in unit mass, we haye m= i, f=1 
when P=1. Hence, k must be equal to 1 and we get, 

P=mf. at wis CGB) 


Hence, we may write, force = mass X acceleration. 


mass and velocity conjointly’, The idea contained in this expression is this : 
A marble swiftly moving over the floor has more ‘quantity of motion’ in it 
than when moving slowly. But a heavy roller, though moving slowly, has 
more ‘quantity of motion’ in it than the swiftly moving marble. That is, the 
product of the mass and the velocity is a measure of the ‘quantity of motion’. 
Evidently, Newton meant by ‘motion’ what we call momentum. 
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83. Verification of Newton’s Second Law of Motion :— Accor- 
ding to the second law, a given force P acting upon a given mass 
m always produces a constant acceleration f, as given by P=mf. 
To verify it, the motion ofa body falling freely under gravity may be 
observed. The driving force here is due to gravity (Art. 96) and may 
be, for all practical purposes, taken as constant. The acceleration 
with which the body falls, the acceleration due to gravity, (Art. 97) 
is found to be constant [vide Determination of g by Atwood’s 
machine or by the falling plate method, Guinea and Feather experi- 
ment (Arts. 106 & 110)]. The same truth is also established by an incli- 
ned plane method [Art. 111(a)], where the driving force, for a given 
inclination of the plane, isa constant fraction of the force of gravity. 
and the ball rolls down with an acceleration which is found constant. 

An easy and conyenient method of experimentally proving, the 
second law is by means of a Fletcher’s Trolley. 

Description of the Fletcher’s Trolley Apparatus.—A schematic 
diagram of the apparatus is given in Fig. 61. while the actual 
apparatus is shown in Fig. 62. It consists of a stout metal bed By Be 
about one and a half metres long, with two parallel rails (R, R) 


ARE 


Fig. 61 
fixed logitudinally on it. The bed is provided with levelling 
screws L. A trolley T provided with wheels can run on tho rails 
almost without friction. To prevent a head-on crash, the front 


end of the bed 
has two projecting 
springs (S, 8) call- 
ed friction brakes, 
which arrest the 
moying trolley at 
this end. A special- 
ly made paper tape 
E has its one end 
attached to the 
trolley, and passing 
over a smooth pul- 
ley F fixed at the 
end Bz of the bed 


Fig. 62 
has atits other end a hanger on which a suitable load m may be 
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Placed whose weight mg acts as the driving force. 2; and Fe are two 
end frames fixed at the two ends Bı and Bz of the bed. By means of 
a thread the trolley may be tied to 71, if required. 


The frame Fz has a metal reed D fixed to it and placed lengthwise 
with the bed holding an inked brush C vertically down whose free 
end isin touch with the tape. The reed can be swung a bit so as 
to make it vibrate at right angles to its length, when the brush traces 


out a wavy curve on the tape below as the latter is made to move 
across it. 


Experiment.—The bed is made horizontal by means of the 
levelling screws in order that the trolley may actually run on a 
horizontal surface. The metal reed is drawn a little at right angles 
to itself and then let go, when it vibrates to and fro. Its time period 
T is determined with the help of a stop-watch by counting a definite 
number of vibrations. By means ofa thread the trolley is tied to 
the end-post F, and a suitable load m put on the hanger at the 
hanging end of the tape. The thread is then cut, when the 
trolley begins to moye forward under the pulling weight (mg), The 
inked brush traces out the wavy curve (Fig. 63) on the tape. The 
time period of the tracing point being constant such a, 
curve can be conyeniently used to measure short intervals 
of time accurately. The tape is taken out and placed flat 
ona table and a straight line, which serves as the reference 
line, is drawn centrally from one end to the other of the 
wavy curve. The points of intersection of this line with 
the wavy curve being marked, the distances ab, be, cd, ete. 
which are three consecutive points of intersection are accu- 
rately measured. The average velocity of the moving 
system during the interval abis ab/T, and the same for 
the Successive intervals are bc/T, cd/T, etc. The increase 
of velocity in the interval be over that of the preceding 


be = 


be - ab 
T $ 


m? 


ab ues i 
, Whence acceleration is This 


interval ab is 


. acceleration, whatever is the interval from which it is deter- 
mined, is found to be the same. Thus the acceleration is 
constant, when the driving force and the mass moved are 
constant. This verifies the second law of motion. 


84. The Impulse of a Force : —The impluse of a 
force acting on abody for any time is the product of the 
force and the time for which the force acts. 


Suppose a particle of mass m moving at any instant 
Fig. 63 with velocity u is acted on witha constant force P for time 


i. Now P=mf, iff be the acceleration produced. If the velocity of 
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va particle at the end of an interval ¢ measured from that instant 
e v, ý 


v=ut fizut È 
Hence, by transposition, impulse=Px t= mv—-u=mo—mu . (2) 
That is, impulse = change of momentum. 
85. Impulsive Force :— 


_ An impulsive force is a large force acting on a body for a short 
time, the impulse of the force being finite but the displacement of the 
body duriag the short time negligible. Its whole effect is given by its 
impulse only. y 

Suppose the initial position and motion of a body are known when 
a force begins to act on it. The effect of the force on the body will 
be generally wholly known, if the final position and motion of the 
body can be known ie. if the displacement if causes and the chango 
of momentum it produces, be known. In the case of an impulsive 
force the displacement being negligible, its whole effect will, therefore, 
be given by the change of momentum it produces on the body, i.e. its 
whole etfect is given by its impulse. . 

For a body initially at rest, w=0 and therefore equation (2) 
becomes, 
e Pt=my. BS on; Senna) 

86. The Unit of Force :— From what has been shown above 
the unit of Force may be defined as, (i) That force which acting on a 
unit mass produces unit acceleration [see equation (1), Art. 82]. 

(ii) That force which acting for unit time on unit mass initially 
ai rest creates in it unit velocity [see equation (2), Art. 84]. 

(iii) That force which acting on any mass at rest for unit time 
produces in it unit momentum in the direction af the force [see 
equation (3), Art. 85]. : 

Two systems.—There are {wo systems of force-units, (a) tho 
absolute, and (b) the gravitational. The absolute units do not vary 
throughout the universe, but the disadvantage of the gravitational 
units of force is that they are not constant, because they depend upon 
the value of the acceleration due to gravity g, which varies, though 
slightly, at different places (see Art. 98). 


(a) Absolute or Dynamical Units of Force.— 


Dyne l Poundal 
The C.G.S. absolute unit of The F.P.8. absolute unit of 
force is called a dyne, which is force is called a poundal, which 
the force that can produce an is the force that can produce an 
acceleration of one centimetre acceleration of one~foot per 
per second per second when second per second when acting — 


acting on œ mass of one gram. on a mass of one pound, 
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(b) Gravitational Unit.— The weight of a body is the force with 
which it is attracted by the earth. The acceleration with which a 
body falls freely is denoted by ‘g’ the value of which in the F.P.S, 
system is 82°2 ft. per sec. per sec, and in the C.G.S. system the 
value is 981 cm. per sec. per sec. So— 

(i) The weight of 1 lb., i.e.a force of 1 lb. wh acting on a mass 
of 1 lb., produces an acceleration of 32°2 ft. per sec. per sec. 


But the force of 1 poundal acting on a mass of 1 1b. produces an 
acceleration of 1 ft. per sec. per sec. 
-: Weight of a pound (also called a pound-weight written as lb.-wt.) 
= 32'9 (i.e. g) poundals. 
m pounds-weight (m lbs. wt.) = mg poundals. 
Hence, a force of 1 poundal = 1/32'2, of weight of one pound 
= wb. of 16/32'2 oz. 
= wt. of half an ounce nearly. 
(ii) Again, the weight of one gram, which is expressed as a force, 
of 1 gm-wt., acting ona mass of 1 gram produces an acceleration of 
981 cm. per sec. per sec. 


But the force of 1 dyne acting on a mass of 1 gram produces an 
acceleration of 1 cm. per sec. per. sec. 


<. Weight of a gram (called a gram-weight) =981 (i.e. g) dynes. 
“. m grams-weight (m gms.-wt.) =mg dynes. 


Honce, a force of 1 dyne= 1/981 of a gram-weight. 

Generally, if m lbs. be the mass of a body, the only force acting 
on it is its weight, W. So, by substituting W for P, and g for f in 
the formla, P =mf, we get, W= mg ; 

i.e. weight of a body (in dynes) =mass (in grams) xg; 

(where g=981) 
and weight of a body (in pundals)=mass (in lbs.) xg; 
(where g=32:2) 

Note.—A force of 1 dyne can be practically realised by the weight W of 
one milligram ; W=mg=(1/1000)x981=1 dyne (nearly). 

The gravitational unit of force is the weight of unit mass. 
Hence— A 


The 6.4.8. gravitational wnit The F.P.S. gravitational unit 
of force is a force equal to the of force is a force equal to the 
weight of a gram. weight of a pound. 


/ <. The gravitational unit of force=g x absolute unit of force. 


[Note—(1) The weight of a pound has different values at differ- 
ent places ofthe earth due to the difference in the value of g. 


i, 
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(ii) The formula, P=mf, is true only when all the forces are 
expressed in absolute units, ie. in poundals or dynes, and not in 
pounds-weight or grams-weight. 

rvs 


(iii) In solving problems using the above formula, (a) reduce all 
the forces into absolute units (if they are given in gravitational units. 
ie, in \bs.-wt. or gms.-wt.) by multiplying with the corresponding 
value of g. 


(iv) Finally, if necessary, reduce the forces to gravitational 
uints by dividing by ‘g’.] 


87. Relation between a Dyne and a Poundal :— 


1 Poundal=1/32°2 of wt. of a pound 

e—a =1/82°2.« 4536 wt. of a gram (^1 pound=458'6 grams.) 
= 981/32°2X453'6 dynes (*.. 1 gm.-wt.=981 dynes) 
=13,800 dynes (in round numbers). - 


—_—_——___ 
Examples. (1) Express, in dynes, the force due to 1 ton-weight (g=981:4 
cm. per seo.2), 


1 ton-weight=2240 Ibs.-wt.=2240x453:6 gms.-wt. 
=2240 x 453:6 x98]:4 dynes=9;97x108 dynes. 


(2) A force equal to the weight of 10 lbs. acting on a body generates an 
acceleration of 4 ft. per sec. per sec. Find out the mass of the body. 
Here P=wt. of 10 Ibs.=10x$2 poundals: f=4 ft. per sec. per sec. 
<. By the formula P=mf, we have 10x32=mx4, or, m=80 Ibs, 
(3) A train weighting 400 tons is travelling at the rate of 50 miles an hour. 
The speed of the train is reduced to 15 miles per hour in 30 seconds, Find 
the average retarding force on the train. 
400 tons=400 x 2240 Ibs. ; 60 miles per hour=88 ft. per sec, 
15 miles an hour=22 ff. per sec, 


We have, by equation (2), Art. 84, Pi=mv—mu. 
or, Px80=(400 x 2240 x 22) —(400 x 2240 x88). 


< p= — _400x2240x66 

os 30 
(4) On turning a corner a motorist rushing at 45 miles per hour finds a 
child on the road 100 ft. ahead. He instantly stops the engine and applies 
brakes so as to stop within 1 ft. of the child (supposed stationary). Calculate 
the time required to stop the car, and the retarding force. (Car and the passenger 
together weigh 200 lb.). (Pat, 1939) 


= —1,971,200 poundals, 


Here w=45 miles per hour=66 ft. per sec. 

The final velocity v=0, and the distance travelled before the car stops. 
=100-1=99 ft. 

If f be the acceleration generated by the force we have, v= tfs; 

=66? 

2x99 
Again, v=u+ft ; or,-0=66—22¢ ; whence ¿=66+22=3 secs, y 
or, the time required to stop’ the car=3 secs. 
.'. The retarding force, P=mf=2000 x22 =44,000 poundals, - ‘ 


or, 0=667+2/x99 ; whence f= = —22 ft. per see.?. 


78 INTERMEDIATE PHYSICS 
. 

(5) A constant force acts for 3 secs. on a mass of 16 lbs., and then ceases 
to act. During the next 3 secs. the body describes 81 ft. Find out the magnilude 
of the force in lbs.-wt, and poundals. (Acceleration due to gravity=32 ft. per 
sec, per sec.) (Pat, 1947). 


If the force P acts for t secs., the impulse Pxt=m(v—u). 

Here u=0; we have Px3=1l6u ah ee Saai) 

After the force ceases to act, the body describes 81 ft. in 3 secs. So the 
uniform velocity during this period v=81/3=27 ft. per sec. 


16X2 =144 poundals (or, ui =4'5 Ibs.-wt,). 


«e From (1). P= 
Otherwise thus— 
The uniform velocity during the last 3 sec.=81/3=27 ft. per sec. 
So, 27 ft. per sec. is the final velocity of the first 3 secs. ` 
Hence, considering the first period of 3 secs., we have, 
u=0; v=27; f=? 
v=u+ft.; or IT=04/X3 ; 
^. f=27/3=9 ft. per sec.?. 
Hence P=mf=16X9=144 poundals (or, 4'5 1bs.-wt.). 
88 Physical Independence of Forces :— The latter part of 
Newton's second law of motion states that the change of motion 
produced by a force takes place in the direction of the force. 


If two or more forces act simultaneously on a body, each force 
will produce the same effect independently of others. Hence their 
combined effect is found by considering the effect of each force on 
the boäy independently of others and then compounding their effects. 
This principle is known as the Principle of Physical Independence 
of Forces. i 

Illustrations.—(i) A stone dropped from the top of the mast 
of a ship, which is travelling withont rolling, falls at the foot of the 
mast, whether the ship be in motion or not, and the time taken by 
the stone to fall is the same in the two cases. 


This is because the two forces, the vertical force of gravity and 
the horizontal force due to which the ship moves forward, act indo- 
pendently of each other, i.e. one is unaffected by the other and 
acts in jbs own direction in full. The stone at the point of being 
dropped has the same horizontal motion as the ship and this con- 
tinues unabated during all the time the stone, moves downwards 
on being dropped. So with respect to the mast the stone is at 
relative rest so far as the motion in the horizontal direction is 
concerned. Evidently, it must strike the foot of the mast, when 
dropped down, though the ship is in motion as it does on being 
dropped when the ship is at rest. The time taken by tho fall in both 
the cases will be equal, because the distance covered in both the 
eases being the same, it is governed only by the force in the vertical 
direction, i.@, the force of gravity which is unaffected, according 

. to the above principle, by the motion of the ship in the horizontal 
direction (which is without any component in the former direction). 
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(ii) A circus rider is another good illustration. When in the 
course of running, the rider jumps in a vertical direction from the 
horse’s back his horizontal velocity, which is the same as that of 
the horse, remains unchanged and independent of the vertical velocity. 
For this reason he is able to alight again on the horse's back and 
does not fall behind. 


89. Pull, Push, Tension, and Thrust :—Thero are several 
ways in which a forco may be exerted, the most familiar of these being 
by pulls or pushes. 


A Pull is usually applied along some length of a substance, 
as for example, along a string, or achain;and it is said that tha 
string is in a state of tension. The pull is also spoken of as a 
tension. A pull may, as well, be exerted along rigid substance say, 
a rod ete. 


A Push cannot be exerted along flexible substances like strings or 
threads. Pushes can only be applied by rigid substances. 

A push distributed over an area is often spoken of as a thurst. 
Tf any one presses a stone with his finger, the finger exerts a thrust 
on the stone tending to push it away. 


90. The Third Law of Motion :— 


Tf one body exerts a force on a second body, the second body 
exerts an equal and opposite force, called the reaction of it, on the 
first. The mutual force (per unit area) between two bodies is known 
as stress. So the third law is also sometimes called ths law of 
Reaction or the law of Stress. 


This law is a result of experience. It states that the action 
between two bodies is mutual. The law is true whether the two 
bodies concerned are at rest or in motion and whether they are in 
contact or act from a distance. Sinee every force must necessarily 
be accompanied by an equal and oppositely directed reaction, all 
forces in nature are in the nature of a stress between portions of 
mtter, 


Illustrations of action force and reaction force.— 


(i) Imagine a body of W lhs.-wt. resting on a table. This weight is 
exerting pressure downwards on the table. But if W were the only 
force, the weight would have gone through the table. As it does not 
do so, its motion must have been resisted by an equal and opposite 
force R, called the reaction exerted hy the table upwards along the 
same line of action when W acts on the table downwards, — 


(ii) When there isa load ona hand, the hand is subjected toa, 
downward force by the weight of the load, and the hand also applies 
an equal force on the load. If now, the hand is moved with the load, 
an additional force must be applied to the hand. 
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(iii) If a man raises a weight by a string tied to it, the string 
exerts on the man’s hand exactly the same force as it exerts on tho 
weight but in the opposite direction. 

(iv) A ladder leaning against a wall presses on it and tends to 
push the wall back. This action is equal and 
opposite to the counter-thrust called the reaction, 
exerted on the ladder by the wall, which keeps the 
ladder in position. 


(v) When a man, at the time of walking 
ig. 64), presses his feet against the ground 
slantingly in a backward direction, the reaction force 
of the ground has a substantial component in the 
horizontal direction forward. This enables the man 

Fig. 64 to advance. 

It is to be noted that it is difficult to walk over a slippery ground 
because sufficient pressure of the feet cannot be exerted slantingly 
on the ground on account of 
friction being small and so the 
reaction force is not sufficient. 


(vi) A boatman presses one 
end of a bamboo pole against the 
ground [Fig. 64(a)] and the boat 
on the water moves forward. Here 
the bamboo pole presses the earth 
and the earth sets up the reaction 
force along the pole in the opposite 
direction. The component of the 
reaction force in the horizontal 
forward direction communicated to 
the boat through the boatman 
makes the boat move forward. 


Fig. 64 (a) 


(vii) When a magnet attracts a piece of iron, the iron also attracts 
the magnet with an equal and opposite force (vide Magnetism Part IT, 
Vol. Il). This may be verified by holding the magnet in hand and 
suspending the iron in front of it when the iron moves towards the 
magnet and repeating the experiment by holding the iron in hand and 
Suspending the magnet in front of it at the same distance when the 
maguet moves in the same way towards the iron. Ifthe action of 
the magnet on the iron is the action-force, that of the iron on the 
magnet is the reaction-force. 

[N.B. Newton's third law of motion really gives us an insight into 
how forces set in nature. ‘The assertion of the law is that forces 
never exist singly ; whenever they appear, they appear in pairs. If one 
of them is an action-force the other is a co-existent equivalent opposite 


ae 


Å 
f 
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ité force to be called its reaction-foree. The question then arises “If 
a force acting on a body has an equal and opposite reaction, why 
/should the body move atall? The body moves because the action and 


* the reaction do not act on the same body or the same part of the 


body. Take, for example, the case of a body falling to the earth from 
above. The earth exerts a gravitational attractive force (vide Chapter 
V) on the body which being of small mass moves towards the earth. 
At the same time, the small body attracts the earth towards itself 
with an equal foree which is here the reaction-force. But this re- 
action-foree acts on the earth and not on the body, The earth, being 
very massive, does not appreciably move towards the body under 
such a small force, Thus, in considering a mechanical problem what 
is needed at the beginning is to ascertain the particular body whose 
motion we want to consider, and then look out to ascertain which force, 


ı the action-force or the reaction-force, acts on the body. 


(viii) Horse pulling a Cart.—This is another examp'e which 
{shows the equality of the action and reaction forces contemplated in the 
\third law of motion. 


| Leta cart O be pulled by a horse H (Fig. 65), the two being 
donnected by a string. The tension T in the string exerted by the 
horse pulling the cart C forward 
ig the action-force and the tension 
T exerted by the cart on the 
horse pulling the horse backward 
is the reaction-force. How is the 
motion of the system possible in- 
spite of the fact that the ten- 
sion T in the string is always Fig. 65 

L 


equal and opposite ? 


The horse’s foot exerts a force on the ground downwards i 
oblique direction, and, in consequence, the ground produces an equal 
reaction Æ on the horse's foot in the opposite direction. The vertical 
component V of this reaction supports the weight of the horse, 
and the horizontal component F tends to drive the horse forward. 
The whole system moves forward provided F is large enough to 
overcome the frictional force f between the wheels of the cart and 


the ground. 
The relations between T, F and f are given by, 


F—T=mr, and T-f=Mr, when x=common acceleration of 
horse or cart whose masses are respectively m and M. By addition, 
F-f= (mt He. 

N.B.—It should be noted in the above illustrations that (a) the 
reaction’lasts only so long as the action is present; (b) the action 
and reaction act on different bodies and never on the same body and 
so they can never produce equilibrium, because for equilibrium two, 
equal and opposite forces must act on the same body. P 


_ Vol. I—6 
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91. The Principle of Conservation of Linear Momentam :;— 

When two or more bodies’ move under their mutual actions and 
nélictions only, and no external forces act on the system, the swm-total 
of their momenta along any direction is constant. The law holds both 
for finite and impulsive forces. 


Let two bodies, A and B move under their mutual action and 
reaction only, there being no other external forces acting on them. 
Then, by Newton's third law of motion, the action of A on B at any 
instant is equal and opposite to the reaction of B on A. Again, so 
long as there isvaction, there is also reaction. That is, the time for 
which the two forces (action and reaction) act is the same for both. 
So, the impulses of the two forces are equal and opposite. That is, 
the change of momentum produced in A is equal and opposite to the 
change of momentum produced in B. In other words, the total 
change of momentum of A and B, taken together, is zero, which 
means that the sum-total of momenta of A and B along any direction, 
is unchanged. 


The result can be extended to the case of any number of bodies 
moving under conditions as stated above. 


Mllustrations.—(;) When a man jumps- from a boat to the shore 
it is well known that the boat experiences a backward thrust which 
displaces it away from the shore. It is due to the impulsive force 
exerted by the man. The change of momemtum of the boat caused 
by the force is equal and opposite to that of the man. 

(ii) Motion of a Shot and Gun.—When a gun is fired, the powder 
is almost instantaneously converted into a gas at high pressure, which 
by expansive action forces the shot out of the muzzle. The force on 
the shot at any instant, before it leaves the muzzle, is equal’ and 
opposite to that exerted on the gun backwards. The time for which 
both these forces (action and reaction) act being the same, their 
impulses are equal but opposite. So the change of momemtum of the 
shot is equal and opposite to that of the gun. But both the shot 
and the gun being initially at rest, the momemtum produced jin the 
shot is equal and opposite to that in the gun. | 

Suppose’ m and M are the masses of the shot and the sun respec- 
tively, v the velocity with which the shot emerges from the muzzle 
and V, the recoil velocity of the gun, supposing it to be free to move. 


~ Thus, m(v—0)= M(V- 0) ; or, mv= MV. 


Example. 4 14 lb. shot is fired from a gun, the mass of which) is 2 tons, 
with a velocity of 1000 ft. per sec. Find the initial velocity of recoil /of gun, 


Let u be the initial velocity of recoil of the Sun. The backward/momentum 
of the gun is equal and opposite to the forward momentum of the Shot. Now, 
momentum of the shot =14 x 1000 ft.-Ibtsec. units. | 
/ 


Momemtum of the gun=(2 x 2240) xu ft,-Ib.-sec, units. | 


(2% 2240) xu =14 x 1000 ; 
14x1000_.. 
or, U9 x 9240 72 125 ft, per sec. 


Tey 
"ii = att 
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92. Circular Motion :—If a particle is constrained to move in a 
circular path of radius with a uniform speed Y, it must have at any 
instant an acceleration of magnitude v*/x directed towards the centre 
of the path. 


Let a particle be constrained to move along a circular path of 
centre O and of radius r with a uniform speed v (Hig, 66). 
At any point P of its pith, the velocity isv along the Yangont PT. 
After an infinite small time ¢, the position of the particle being P’, 
its velocity should be v along the new 
tangent P'7". Join P and P' to the 
centre and produce OP’ to R intersecting 
PT at A. Now if the particle P were 
left to its internal motion along PT with- 
out being subjected to any other exter- 
nal force, it would have reached the point 
A in time t, where PA-=vt. The velo- 
city v (along AT) at A can be resolved 
into two components v cos @ acting 
along AB parallel to P'T' and v sin 0 
acting radially outwards along OR (i.e. Fig. 66 
AR). Since ¢ is very small, 0 is also 
very small and as such A, P and P' are 
very close points. _ So v cos 0 =v, and v sin O0=v0. Now as the particle 
is not allowed to move along PZ and is rather constrained to follow 
the circular path, the particle which should have been at A due to 
its inertial motion, taken up the position P’ attended with velocity 
valong P'T parallel to AB. So here only the co-ine component 
of the velocity exists. The sine component, v0, is annulled by apply- 
ing a radially inward force (hence an acceleration) of suitable magni- 
tude on the particle. 

At P there was no radial component of the tangential velocity v. 
But at A, after ¢ seconds, the radial component of the velocity = 00. 


“. The rate of change of outward radial velocity = "4 


, y 2 
PEAME LRM es =w*r=outward radial acceleration. 
t r Ja t r : 

(Ce v=wr, of. Art.'87). 
This acceleration is the centrifugal acceleration of the particle 
arising out of its inertial motion and is directed radially away from 
centre. Soin order to annul the effect of this acceleration and to 
make the pirticle move uniformly ina cireulir orbit, an equal and 
oppositely directed accelaration must act on the particle (due to 
some external force), This radially inwards acceleration is known 
as the centripetal acceleration and its magsibude is V?/r or @r, 


93. Centripetal and Centrifugal Forces :— When a body of mass 
m moves in'a circle of radius r with a constant speed v; it is always 
subject to an acceleration v?/r directed to the centre of the path. 
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Obviously then, there must bea force mv®/r constantly acting on the 
body towards the centre óf the path to constrain it to move in a 
circle. This force is known as the centripetal (Latin, peto to seek) 
force. 


By Newton's third law of motion, an equal and opposiie force, 
its reaction, is called into play. This force of reaction acts on the 
body at the centre and is directed away from the centre. It is known 
as the centrifugal (Latin, fugio, to fly) reaction. 


The centripetal (i.e. centre seeking) force is exerted on the 
revolving body by another body at the centre towards itself, along 
the radius while the centrifugal reaction is exerted by the revolving 
body on the body at the centre and is directed away from the 
centre, the magnitude being equal but the direction just opposite. 
The centripetal force, in nature, may arise in different cases due to 
different reasons namely, mechanical tension, gravitational force of 
attraction, magnetic or electric forces, ete. 


The centrifugal reaction is sometimes loosely called the centrifugal 
force. But as has been indicated in Art. 92 the latter is the force 
due to the centrifugal acceleration arising out of the inertial motion 
of the body moving uniformly in a circle. Its magnitude is mv2/r 
and it acts on the moving body in a radialy outward direction. 

(i) Take for example, the case of aman whirling ina circle at a 
constant speed v, a stone of mass m tied to one end of a string, the 
other end at a distance r, being held by him (Fig. 67). A centripetal 
force mv*/r continuously acts on the stone towards the centre of the 
circular path. The centrifugal reaction acts on the body at the centre, 
i.e, the hand, it being equal in magnitude but just opposite in direc- 
tion. This is experienced by the hand and the man thinks as if the 
stone will fly outwards if he releases his grip. The tension T of tho 


2 
string is equal to either of these two forces and is given by T= eae 


Ti should, however, be noted that if the string be released or cut 
> all on a sudden, then the rotating body 
flies off tangentially to the circular path 
and not away from the centre along the 
radius. This is because, as soon as the 
string is cut, the centripetal force, 
ceases to act and the motion of the 
stone continues due to inertia and takes 
place in the direction in which the 
stone was moving at the instant, i.e. in 
a tangential line. As soon as the cen- 
tripetal force goes, the velocity compo- 
nent responsible for the centrifugal 
acceleration together with the other 
component, maintains the constancy of 
the tangential velocity in magnitude 
Fig. 67. and direction. 


—— 


| 
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i N.B.—Every cyclist must have noticed that the mud from a 
bicycle tyre flies off tangentially when there is not sufficient adhesive 
Force ( =centripetal force) between it and the tyre to keep it moving 
in a circle. 

(ii) A bucket containing water may be swung round in a vertical 
plane without the water falling down, if the motion is rapid enough. 
When the bucket is upside down, the weight of the bucket and water 
acting downwards is balanced by the centrifugal force acting verti- 
cally upwards. 

Example, A stone whose weight is 1 lb. swings round in a circle at the 
end of a string 4 ft. long and takes 4 second for every complete revolution. 
Calculate the stretching force in the string. 

a 


The magnitude of the stretching force = = 


Velocity of the stone, v= distance Steril 


time time ` 
mv? _ MX4r’r? _ 1x4x9'8TX4 
r rxt? 1/4 s 
=681'68 poundals =-LS1 68 145 st, 19°61 1bs.-wbe 


32°2 


SOME MORE ILLUSTRATIONS OF CENTRIPETAL AND 
CENTRIFUGAL FORCES 


(1) Motion of a Bicycle in a Curved Path.—Motion of a bicy- 
cle rider ina circulal path is also 
an example of the centripetal and 
centrifugal force. A cyclist turn- 
ing a corner has to incline his 
body inwards, i.e. towards the 
centre of the curved path (Fig. 68) 
for a safe journey. 

At that time the forces acting 
are (a) mg, the total weight of the 
machine and the rider, acting 
vertically downwards through O, 
the ©.G. of the system ; (b) the 
centrifugal force mv?/r, acting 
horizontally through O, where 7 is 
the radius of the curved path and 
v the speed ; (c) the reaction Q of 
the ground acting at G directed 
along GO, This force provides 
the two component forces, a force 
F, being the horizontal compo- 
nent which acts along the ground 
and the component R which acts vertically to the ground. The couple 
formed by R .and mg is balanced by the couple formed by F and 
mo? |r. 


Fig. 68 
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The higher the speed, the greater will be the centrifugal force 
and so the couple due to it, and the rider will have to bend his body 
more inwards to increase the opposite couple. 


Inclination of the Cycle.—If 9= inclination of the cycle with the 
vertical, l=distance along the cycle from O, the C.G. of the system 
to the ground G. 


The couple formed by the centrifugal force being equal to that 
formed by the weight of the system, for a steady motion. 
2 v? 
Xl cos g=mgXl sin 0; or, tan 9= rae 

Thus for a given value of r, when v increases @ must increase. So, if a 
cyclist rides with great speed along a curve of small radius he must incline 
inwards to the required extent to avoid a fall. Side-slip shall occur, if @ is 


either too large or too small for the speed.v, for a given value of r. 
Example. 4 cyclist is describing a curve of 50 ft. radius at a speed of 10 


miles per hour. Find the inclination to the vertical of the plane of the cycle, 
assuming the rider and the cycle. to be in one plane. 


mv 


4 


Use the relation, tan 0=v°/rg, of the above article. Here v= 3 ft./sece, 
r=50 ft., and g=32 ft./sec.?. 
44x44 sty 
Hence, tan 0= 3xex5oxaa 0=7°40'. 


(2) The Banking of Tracks.—{a) A racing track for motor cars 
is constructed in such a way that it is banked inwards, such that a 
Stationary car would have a tendency of sliping towards the centre 
of the track. 


In this case the resolved part of the weight of the car along the 
inclined ground supplies the centripetal force necessary to keep the 
car moving and the other resolved part normal to the ground balances 
the upward reaction of the ground. 


(b) While a railway line takes a bend, the outer rail is placed a 
little higher than the inner one, so that a train moying on it may 
have its floor inclined to the horizontal. 


The wheels of the carriage are provided with flanges on the inner 
side for both the wheels in a pair, so as not to allow the wheels to 
move sidewise and cause derailment. If the rails are on the same 
level, while taking a bend, the tendency of the train to move in a 
straight line produces a pressure on the curved rails, the reaction of 
which at the flanges supplies the necessary centripetal force for the 
motion on the curved path. Such huge friction between the flanges 
and the rails may wear out the flanges quickly. To avoid this, the 
outer rail is so raised as to reduce the friction between the rails and 
the flanges to nil, the inclination depending on the radius of the 
bend as also on the average speed of the train at the bend. 
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Let ABCD (Fig. 69) be a vertical section of the carriage 
(mass=m) through the line 
shown by GO, joining the 
centre of gravity, G, of the 
carriage, and the centre of 
the circular track (radius=). 
Suppose the outer rail is 
raised over the inner so that 
the floor AB of the carriage 
is inclined at the angle 9 to 
the horizontal AE, when there 
is no lateral pressure exerted 
by the flanges of the wheels on 
the rails, when the carriage is 
moving with speed v. 

In such a case, the reac- 
tions of the inner and outer 
rails will be normal to AB and 
are shown by R, and Rg. 
Resolving vertically, 


(Ry +R,) cos 9=mg, (wt. of the carriage) tye w 60} 
Resolving horizontally, 
s 
(Ry+Rs) sin o= n. i. is wa (2) 
Dividing (2) by (1), tan 9=0*/rg a AAE 


If trains of different speeds pass round the curve, pressures 
exerted by the flanges on the rails cannot be eliminated completely. 

Example. A railway carriage of mass 15 tons is moving with a speed of 45 
m.p.h, on a circular track of 2420 ft. radius. If the rails are 44 ft. apart, find 
by how much the outer rail should be raised over the inner rail so that there 
is no side thrust on the rails. 

Use the relation, tan @ =v%/rg, of the above article, when v = 45 m.p.h, 
=66 ft./sec., r=2420 ft., and g= 82 ft./sec.* 

66 x66 9 


“, fan O= "9490x832 ~ 160° 


Since ð is small, tan 0 =0 =sin 9 = i ; 


The height of the outer rail above the inner =44 x oot sift. =3 inches (nearly). 


(3) The Centrifugal Drier.— This affords another example of 
the application of centrifugal force. This ig used in laundries. The wet 
clothes (which are to be dried) are placed in a cylindrical wire cage 
which is caused to rotate at high speed. The water becomes separated 
from the clothing and moves off, as the adhesive force between it 
and the material of the clothings is not sufficient to keep it moving 
uniformly in a circle, 

(4) Cream Separator.—A given volume of cream has smaller 
mass than the same yolume of skimmed milk, and so a smaller force 
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is required to hold it in a circle of given radius, Hence, if cream 
Particles and milk particles are set in rapid rotation, the milk particles 
will have greater tendency to move to the outside of the vessel, the 
cream particles remaining nearer the centre. 


(5) Flattening of the Earth.— Initially the earth consisted of a 
mass of fused matter. Because due to the rotation of the earth 
about its axis, a centrifugal force is generated which is greatest at the 
equator and decreases gradually towards and finally vanishes at a 
pole (vide Art. 98), the earth bulged 
at the equator and got flattened at 
the poles. The model shown in Fig. 
70 is commonly used in the labora- 
tory to exhibit a similar effect. It 
consists of a sipindle haying ‘some 
circular rings made of thin metallic 
strips mounted around it so as to 
form the surface of a sphere. This 
bedy is fixed at the bottom to the 
spindle, while the top of it ends in 
a collar which fits on the spindle, 
and can slide up ard down. When 

b the spindle is rapidly rotated (by 
fitting it vertically on the axle of a horizontal whirling table), each 
particle of the strips forming the rings tends to move outwards due to 
the centrifugal force and causes the collar to slide down the rod. The 
body takes on a form flattened at the top and bottom, i.e. along the 
axis and bulged in the middle as shown by the dotted contour. 


(6) Watt’s Speed Governor.— The governor of an engine, first 
designed by James Watt, is a selfacting device by which the supply 
of power to an engine is automatically regulated such that the mean 
speed of the engine may remain constant at 
the rated value or within certain limits, when 
the load on the engine varies. 

The conical governor (Fig. 71), consists 
of two heavy metal bulls A and B at the 
end of two arms hinged at the top of a 
vertical spindle V which is driven by the 
fain shaft of the engine and rotates with 
it. Often the two arms are connected by 
two links (as shown in the figure) toa sleeve 
which while it rotates with the spindle V. ; 
can slide up and down on it with the rise and AG AD URD 
fall of the balls. This toand-fro motion of Soe taal 
the sleeve is used to regulate the supply of steam to the engine. 


Theory of the Conical Govyernor.— Suppose A is a ball revolving 
about the vertical axis OY being suspended from the point O, bya 
slender rod, the joint at O, being such as to parmit of free angular 
movement of AO, about O, in the plane AOY [Fig. 71(a)|. As A 
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revolves at a steady speed, AO, describes the surface of a cone, 
whose vertex is at O where AQ; intersects OY. Let h be the height 
of O above the level of A and let r be the radius of the base of the 
cone. The forces acting on A in the plane AOY are its weight W, 
acting downwards, the centrifugal force F acting radially outwards 
and the tension T along 40x, neglecting the weight of the rod. For 
steady motion these must balance one 
another. Taking moments about O, F.h= 


Wr q k D 
where P=" = Wah, (una 
A g r g 
taking m=mass of A, v= 
w=angular velocity of it. 
Ww r 


fs xh=W.r; or, h=- 
g u 


ly 
w 

That is, the height of a conical governor is 
inversely proportional to the square of the 
angular velocity. Fig. 71(a) 


[When the engine speeds up due to any decrease of load, the 
increased centrifugal force acting on the balls causes the balls to rise 
up (cf. the height h of the conical governor varies inversely as the 
square of the speed) and so the sleeve also rises up. If the speed of 
the engine falls due to any increase of load, the balls fall in level due 
to the decreased centrifugal force and so that sleeye also moves down. 
The sleeve has a groove (see Fig. 71) turned on it to receive the forked 
end of a lever through which, and other levers and links, if necessary, 
the sliding motion of the sleeve is transmitted and converted into tho 
movement of a valve, which regulates the supply of steam, gas, or 
charge, as the case may be, and thereby keeps the speed of an engine 


constant.) 


(7) A Body loses Weight due to the Earth’s Rotation.— 
I In its diurnal rotation, as the 

N earth rotates about its polar axis 

(NS), a body on its surface also 
rotates in a circle with the same 
Centrifugal angular speed as that of the earth 
force (Fig. 71(4)]. As a result of it, the 
body is subjected to a centrifu- 

gal force tending to make the 

body fly outwards slong the 

radius of its own circle. A part 

of the weight of the body (which 

is a force directed towards the 

5! centre of the earth arising out of 
7 gravitational forces) is used up 
Fig. 71(0) in counter-balancing the centri- 
fugal force and the remainder appears as the weight of the body. Thus, 


~~ 4---7 


i A Weight 
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is required to hold it in a circle of given radius. Hence, if cream 
Particles and milk particles are set in rapid rotation, the milk particles 
will have greater tendency to move to the outside of the vessel, the 
cream particles remaining nearer the centre. 


(5) Flattening of the Earth.— Initially the earth consisted of a 
mass of fused matter. Because due to the rotation of the earth 
about its axis, a centrifugal force is generated which is greatest at the 
equator and decreases gradually towards and finally vanishes at a 
pole (vide Art. 98), the earth bulged 
at the equator and got flattened at 
the poles. The model shown in Fig. 
70 is commonly used in the labora- 
tory to exhibit a similar effect. It 
consists of a sipindle having ‘some 
circular rings made of thin metallic 
strips mounted around it so as to 
form the surface of a sphere. This 
bedy is fixed at the bottom to the 
spindle, while the top of it ends in 
a collar which fits on the spindle, 

Fig. 70 and can slide up ard down. When 

: the spindle is rapidly rotated (by 

fitting it vertically on the axle of a horizontal whirling table), each 

particle of the strips forming the rings tends to move outwards due to 

the centrifugal force and causes the collar to slide down the rod. The 

body takes on a form flattened at the top and bottom, i.e. along the 
axis and bulged in the middle as shown by the dotted contour. 


(6) Watt’s Speed Governor.— The governor of an engine, first 
designed by James Watt, is a selfacting device by which the supply 
of power to an engine is automatically regulated such that the mean 
speed of the engine may remain constant at 
the rated value or within certain limits, when 
the load on the engine varies. 

The conical governor (Fig. 71), consists 
of two heavy metal balls A and B at the 
end of two arms hinged at the top of a 
vertical spindle V which is driven by the 
main shaft of the engine and rotates with 
it. Often the two arms are connected by 
two links (as shown in the figure) toa sleeve 
ae it rotates with the spindle V. Pe ti 
can slide up and down on it with the rise and AERE 
fall of the balls. This to-and-fro motion of ee overnr. 
the sleeve is used to regulate the supply of steam to the engine. 


Theory of the Conical Governor. Suppose A is a ball revolving 
about the vertical axis OF being suspended from the point O, bya 
slender rod, the joint at O, being such as to permit of free angular 
movement of AO, about O, in the plane AOF [Fig. 71(a)]. As A 
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revolves at a steady speed, AQ, describes the surface of a cone, 
whose vertex is at O where AQ: intersects OY. Let h be the height 
of O above the level of A and let r be the radius of the base of the 
cone. The forces acting on A in the plane AOY are its weight W, 
acting downwards, the centrifugal force F acting radially outwards 
and the tension T along AQx, neglecting the weight of the rod. For 
steady motion these must balance one 
another. Taking moments about O, F.h= 
wer 
see my? W (wr)? ih Waw*r. 

r g r g 

taking m=mass of A, v=linear velocity and 
w=angular velocity of it. 


2 
cn We «ha Wor or, h= 


Fi dae 
w? 

That is, the height of a conical governor is 
inversely proportional to the square of the 
angular velocity. 


Fig. 71(a) 


[When the engine speeds up due to any decrease of load, the 
increased centrifugal force acting on the balls causes the balls to rise 
up (cf. the height h ofthe conical governor varies inversely as the 
square of the speed) and so the sleeve also rises up. If the speed of 
the engine falls due to any increase of load, the balls fall in level due 
to the decreased centrifugal force and so that sleeye also moves down. 
The sleeve has a groove (see Fig. 71) turned on it to receive the forked 
end of a lever through which, and other levers and links, if necessary, 
the sliding motion of the sleeve is transmitted and converted into the 
movement of a valve, which regulates the supply of steam, gas, or 
charge, as the case may be, and thereby keeps the speed of an engine 


constant.] 


(7) A Body loses Weight due to the Earth’s Rotation.— 
In its diurnal rotation, as the 
earth rotates about its polar axis 
(NS), a body on its surface also 
rotates in a circle with the same 
angular speed as that of the earth 
(Fig. 71(b)]. As a result of it, the 
body is subjected to a centrifu- 
gal force tending to make the 
body fly outwards along the 
radius of its own circle, A part 
of.the weight of the body (which 
is a force directed towards the 
centre of the earth arising out of 
s gravitational forces) is used up 

Fig. 71(6) in counter-balancing the centri- 
fugal force and the remainder appears as the weight of the body. Thus, 
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by the centrifugal forces generated by the rotations | of the earth a 
body on the earth’s surface loses a part of its weight. The loss of 
weight due to this cause is greatest at the equator and gradually 
diminishes towards and finally vanishes at each pole [vide Art. 98c(ii)]. 
Example. Calculate the apparent weight of a body of one ton mass at the 
equator, the radius of the earth being 4000 miles. 
The apparent weight=m(g—v?/r); 4000 miles=4000x5280 ft.; and 
1 ton =2240 Ibs, 
+ mv? _mx4r%r* _mxX4e2 xr _ 2240 x 4 X 9'87 X 4000 x 5280 8 
oe gen pega pa = (24x60 x60)? (here ¢=24 hrs.) 
250°2 A ý 
322 lbs. wt=7'77 lbs. wt 


Hence the apparent wt, of the body =2240 —7°77 =2232"23 lbs, wt. 


=250°2 poundals x 


Questions 


l. Explain clearly how the idea of ‘inertia’ of a body is deduced from 
Newton’s First Law of Motion. (Pat. 1921) 
2, State Newton's Second Law of Motion and explain how it enables you 
to measure forces, (Pat. 1918, '25, '30, '47; C. U. 1934) 

3. State the laws of motion which are associated with the name of Newton 
in their final form, and add explanatory notes leading to the definition of a 
force and of the units for its measurement. 

4. State Newton’s Second Law of Motion and show how starting from the 
law of parallelogram of velocities, we can arrive at the law of parallelogram of 
forces. What is the relation between a poundal and a pound-weight ? (Pat. 1926) 

5. State Newton's Laws of Motion and show how from the first we obtain 
a definition of force and from the second a measure of force. (Utkal., 1950) 

6. The speed of a train of mass 200 tons is reduced from 45 m.p.h, to 
30 m.p.h. in 2 min. Find (a) the change in momentum, (b) the average value 
of the retarding force. 

[Ans, 9,856,000 F.P.S. units; 1-145 tons-wt.] 

7.. A train of mass 175 tons has its velocity reduced from 40 miles per 
hour to zero in § minutes. Calculate the value of the retarding force, assum- 
ing that it is uniform. What has been the change in momentum ? 

Retarding force=1-07 tons.-wt. \ 

ae eae in momentum= 10266°6 tons-ft. /sec. 

8. What are the units in common use for expressing a force? (Pat. 1947) 

9. Explain the distinction between the absolute measure and the gravita- 
a measure of force and show how one may be expressed in terms of the 
other. 

Express the weight of 10 kgm. in dynes and the value of a dyne in gm. wt. 

[Ans. 10000g dynes; 1/g gm.-wt.] (Dac. 1942) 
_ 10. Eind the pressure exerted on a vertical wall by the water from a 
fire-hose which delivers water with a horizontal vilocity of 18 metres per sec. 
from a circular nozzle of 5 cm. diameter. The water is assumed not to rebound. 

[Ans. 6°864x107 dynes.] 


ll. Find the uniform force required to stop in a distance of 10 yards a 


3-ton lorry running on a level road at the speed of 15 m.p.h. Find also the 
time during which the force acts. 


[Ans. 1,694 Ibs-wt. ; 30/11 sec.] 
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12. An automobile of mass 3500 lbs, moving with a uniform velocity of 
60 miles per hour is to be stopped in 1 sec. by the application of a uniform 
retarding force. What should be the magnitude of this force ? (C. U. 1956) 


[Ans. 9625 lbs.-wt.] 


13. A man who weighs 100 lbs. slides down a rope hanging freely, with 
a uniform speed of 3 ft./sec. What pull does he exert upon the rope, and what 
would happen if at a given instant he would reduce his pull by one-third ? 


[Ans. (i) 100g F.P.S. units ; (ii) g/3 F.P.S. units of acceleration downwards.] 

14. When a man drags a heavy body along the ground by means of a 
rope, the rope drags the man back with a force equal to that with which the 
man drags the body forward. Why then does motion ensure ? (Pat. 1928) 

15. State Newton’s Third Law of Motion and explain it carefully. Show 
how this leads to the principle of conservation of momentum. (Pat. 1953, 55) 

16. Explain with the aid of a diagram the flight of a bird. (Pat. 1931) 

Hints.—At the time of flying the bird 
strikes against the air with its wings, but 
as every action has its opposite reaction 
(Newton’s Third Law of Motion), the 
forces OA, OB, due to reaction, act in 
opposite directions (Fig. 72). If OA, OB 
represent these reactions in magnitude and 
direction, then by the law of parallelogram 
of forces, the resultant force with which 
the bird advances is represented in magni- 
tude and direction by OC.] 

17. A 10 gm. bullet is shot from a 5 
kgm. gun with a speed of 400 metres/sec. 
What is the backward speed of the gun? 

(Dac, 1934) 

[dns. 80 cms. /sec.] 

18. Dtfine momentum and impulse. 
State and illustrate by examples the Fig. 72 
Principle of Conservation of Momentum. 

A 10 gm, bullet is fired from a kilogram 
gun suspended to move freely. This bullet now enters a block of wood of 
mass 990 gms. If the speed of the bullet is 500 metres/sec. ; find the speed of 
recoil of the gun and the yelocity imparted to the block. (G. U. 1957) 

[Ans. 5 metres/sec. ; 5 metres/ sec.] 

19. Explain why a force is needed to keep a body moving uniformly in 
a circle. Calculate this force in terms of the mass of the body, its uniform 
speed, and the radius of the circle. (Pat. 1944) 

20. What would be the length of the year, if the earth were half ils 
present distance from the sun ? 

[Ans. 129 days.] 

21. Explain the following statement bringing out the scientific principles 


involved :—‘I£ a small can filled with water is rapidly swung in a vertical circle, 
the water does not fall down,’ (U. P.-B. 1941) 
22, Write a note on centrifugal and centripetal forces. (G. U. 1955) 


23. What are ‘Centripetal’ and ‘Centrifugal’ forces and what are their 
relations with a body moving in a circular orbit? Discuss in detail their 
importance to man. (Pat. 1932; C. U. 1939) 

24. What are ‘Centripetal’ and ‘Centrifugal’ forces, and how are they 
directed ? Derive the magnitude of centrifugal force, and give three examples 
of its application. 
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A motor cyclist goes round a circular race course at 120 m-p.h. How far 
from the vertical must he lean inwards to keep his balance, (a) if the track is 
1 mile long, (b) if it is 880 yds. long ? 

121, -1242 $ 
[ 4ns. (a) tanali, (o) tanita, (G. U. 1949) 

25. Explain why a force is required to keep a body moving in a circle at 
constant speed. What is the name of this force? What happens to the 
moving body when the force is withdrawn ? 

A ball at the end of a string is whirled at constant speed in a horizontal 
plane. If thd radius of the circle is 4 ft. and the speed of the ball is 10 ft./sec., 
calculate the magnitude of the radial acceleration. (C. U. 1956) 

[Ans. 25 ft./sec.2]. 

26. Why must a cyclist lean inwards to keep his balance when he is going 
round a circular course at high speed ? Deduce a relation between the speed, 
inclination and the radius of the course. (Utkal, 1951) 

27. What is the proper angle for banking a road around a curve of 200 ft. 
radius to allow for speeds of 40 m.p-h. ? 


[ Ans. 28:1°.] 
CHAPTER V 
GRAVITATION AND GRAVITY : FALLING BODIES : 
PENDULUM 


94. Historical Notes :— One day while Newton was sitting under 
an apple tree in the garden of his village home at Woolsthrope, a 
ripe apple, itis said, fell on his head. This simple event started 
him thinking why the apple should fall towards the earth. There must 
then exist some attractive force between the earth and any material 
body. Reasonings on this problem ultimately led him to found the 
doctrine of universal gravitation. 

95. Newton’s Laws of Gravitation :—(1) In nature every 
material body attracts every other material body towards itself. 

(2) The force of attraction between any two bodies varies directly 
as the product cf their masses and inversely as the square of the 
distance between them. 

If ms and m be the masses of two bodies and d the distance 

between them (Fig. 73) and if F be the 

A force of attraction, which each exerts 


on the other, F-cmiım, and also 
>---<- Feei/d*; 
2 MMe MMs 


1 

k——  d—__ a? a? 
s Where G is a constant known as the 
Fig. 73 - Universal Gravitation Constant. Its 


value as determined by Boys in 1895 is 6'6576 x 107° in G,G.8. units. 


} 
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The most accurate value of G claimed so far is by Hey! (1930) and 
is (6°6700'005) x 107°C.G.S. units. 

Let mz and ms in the above equation be each equal to 1 gram and 
d equal to 1 centimetre, then G=F', which means that G is muwmeri- 
cally equal to the force of attraction betwecn two masses, each of one 
gram, when separated by a distance of one centimetre. 

95(a). Determination of the gravitational constant (g) :— 
Cavendish performed a torsion balance experiment in 1797 for the 
determination of the gravitational constant G. On account of its far- 
reaching importance it has since then become very famous. After 
him ©. V. Boys, Poynting, and others carried out more accurate 


measurements on improved lines on the subject. Heyl in America 
comparatively recently (1927-19380) used a modified torsion balance 
experiment in an attempt to determine the value of G more accurately. 
The mean value of G by his method which is (6'670+0'005)x 1078 is 
now-a-days considered to be the most accurate uptil now. 


Cavendish’s method.—“At the end of a 6 ft. beam AB [Fig. ike 


(a)] were hung two small lead 
balls P and Q each of two 
inches diameter, The beam 
was strengthened by two braces 
OA and OB connected to O in 
a short stout upright RO, 
attached to the middle point of 
AB. The beam was suspended 
at O from a torsion head O 
by means of silver-copper tor- 
sion fibre CO, 3 ft. long. Two 
large lead spheres, M and N 
each of 1 ft diameter, were sus- 
pended at equal distances near 
the balls P and Q, from the two 
ends of a rod, rr. rr could be 
rotated through any angle about 

a vertical axis with the help of Ma(7) Qi 
a wheel K, a pulley p and the 


weight W. Thus MN could be A B 
made to take up positions 

either M,N, of Ma Na on either 

side of AB (Fig. 74(d)]. The MQ Jn 
centres of the four balls P, Q, (b) 


M, N, all lay on the cireum: 
ference of a horizontal circle of Fig. 74 g 
radius 3 ft. The whole arrangement was entirely enclosed in a glass 
case, and 97 could be rotated from outside and so also the torsion head 
O by an arrangement not shown in the figure. The observations were 
made with two telescopes T fitted in the walls of the room. i 
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In the position MıNı of the large balls, attraction took place 
between P and M, as also between Q and Ny. These forces cons- 
titute a couple which turned the beam AB through an angle. The 
equilibrium position, which was difficult to be kept steady, was 
determined by the method of oscillation from the observatlon of 
the swings. The beam carried at each end a vernier that could 
move freely on a fixed scale. The vernier readings on the fixed 
setles were taken from outside the c'osed room by telescopes. The 
deflecting balls M and N were rotated on to the positions Ma and Ns 
such that PM, and PM, were equal and the new equilibrium posi- 
tions were again estimated as before. In this way, the mean angle 


of twist ð of the beam due to interaction between the two balls at - 


each end was known when the value of G was calculated. 
Caleulation—The deflecting force brought into existence due 


to gravitational attraction at each end of the rod AB=G ae ed 


where m1, ™ respectively are the masses of a big ball and a small 
ball and d is the distance between the centres of these balls when 
the mean de‘ection of the beam is 6. Iflis the length of ‘the beam, 


the moment of the deflecting couple -(4 ut a) xa In tho posi- 


tion of equilibrium this couple is balanced by the torsion couple 
of the suspension wire, i.e. cO where c=moment per unit twist 


4 
( =% =| where = coefficient of rigidity of the wire, l4, being its 
1 


length and 7 its radius, 
r mam $ __cbd* 
nA Ge Xl c0, or, Gs SE 


Precautions.—1. To avoid draughts due to temperature fluc- 
fuation and air-currents, Cavendish housed the apparatus in a 
glass case and observations and adjustments were made from outside 
the case. 


2. To avoid possible electrostatic attractions from outside, the 
glass case was gilt-covered. This precaution also served partly to 
equalise the temperature within the case. 


Defects in Cavendish’s experment.—(1) The torsion fibre was 
thick and hence @ was small; (2) The vernier method of measuring 
deflection has only very limited accuracy; (3) The apparatus being 
large, the temperature fluctuations and hence draughts were not 
capable of close control; (4) Each sphere also attracted the more 
distant small sphere and thus a counter gravitational couple tending 
to decrease O was present but not accounted for; (5) The rods support- 
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ing the large masses Mand N tended to increase 9;(6) The attraction 
on the beam AB also tended to increase 9. 


0. V. Boys modified Cavendish’s arrangements considerably 
whereby most of these defects were minimised or rectified. 


96. Gravitation and gravity :—The force of attraction between 
any two material bodies is called gravitation. The term is more specially 
applied to the attraction between two heavenly bodies. 


Now gravity is the force with which the earth attracts every body 
on or near its surface towards its centre. If the mass of the earth is M 
and the mass of any object on its surface is m, the force of attraction 


due to grvity= a where R is the radius of the earth. So 


gravity is a particular case of gravitation and may be caled 
earth’s gravitation. The force of gravity ona body is called its 
weight. ` 


97. The Acceleration due to gravity (g) :—A body, if dropped 
from a height, falls vertically towards the earth, i.e.as if it wou'd 
pass through the centre of the earth ; its velovity continuously increases 
as it falls. That is, it falls with an acceleration, Such motion is 
due to the attraction between the body and the earth, i.e. due to 
gravity. When a body falls free'y from rest, as the case when it 
is simply dropped from a height, it is experimentally found that the 
distance s through which it falls is proportional to the square of the 
time taken (vide Laws of Falling Bodies, Art. 110). That is, s= kt? 
where k isa constant. This is possible only if the acceleration of fall- 
ing’ body is constant (cf. s=ut+3/t? when u=0). Thus a body dropped 
from a height falls veritcally towards the earth with a constant 
acceleration. 


“Tf then the acceleration àis constant a heavy body as well as a 
light body dropped from a height should reach the ground simulta- 
neously. That is also exactly what is found experimentally. Newton’s 
famous Guinea and Feather experiment (Art. 110) conclusively 
proved that all bodies starting from the rest fall in vacuum with equal 
rapidity. That is, the acceleration due to gravity at the same place is the 
same for all bodies. 


Consider, again, a body projected vertically upwards; its velocity 
gradually diminishes and is finally reduced to zero after which it 
begins to fall downwards again. This also clearly shows the existence 
of an acceleration directed towards the earth due to which the upward 
motion of the hody is gradually reduced. Thus, all experimental 
observations lead us to tha belief that any body moving in the field 
of the earth’s attraction is subject to a constant acceleration acting 
vertically downwards and its value is the same for all bodies at the 
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same place. This acceleration is called the acceleration due to gravity 
and is conventionally denoted by ‘g’. 


We have seen in art. 96 that the force of attraction due to 
gravity varies inversely as the square of the distance of a body from 
the centre of the earth. So the acceleration due to gravity (g) also 
varies in the same way, according to Newton’s Second Law of 
Motion, mass of the body being constant. It is affected due torota- 
tion of the earth on the axis (vide Art. 98). 


The value of the acceleration due to gravity at sea-level and in 
latitude 45° is generally taken asthe standard for reference for 
values of acceleration. The value of gat any place varies with its 
height above the sea-level, being less at the top ofa high mountain 
than at its bottom. The value of g is constant at the same place, 
but varies with the latitude. It is minimum at the equator and 
increases gradually to attain the maximum value at eithor of the 
poles. At the equator, the value of gis about 978 ems. per sec., per 
sec., and at the poles, it is about 983 cms. per sec. per sec, and the 
accepted mean value is taken to be 981 cms. per sec. per sec., or 32°2 
ft. per sec, per sec. It also changes from one place to another due to 
various local conditions, the discussion of which is beyond the scope 
of this book. 


VARIATION OF ‘g’ WITH LATITUDE 


Place Latitude a beat eons Jp 
Equator 0°0' 32°09 978°10 
Madras 19°4’ 32°10 97836 
Bombay 18°53 32°12 978'63 
Calcutta 99°39! 32°18 978'76 
New York 40°43! 32°16 980'19 
Paris 48°50’ 32°18 980°94 
London pray | 8219 981'17 
Poles 90° | a225 983°11 


o a S 
98. Variation of ‘g (or the Weight of a Body Place to 


Place :—Let R bo the radius of the earth and D its va 
then the mass M of the earth will be given by, mean density ; 


M=47R? D, assuming the earth to be a sphere, 
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(a) Above the Surface of the Earth.—At a height % above the 
surface of the earth, the force of attraction on a body of mass m, 


( aan For such positions 


according to the law of gravitation = G 


external to the earth, the mass of the earth may be supposed to be 
concentrated at its centre. 


So, the force of attraction, and hence the acceleration ie 


due to gravity, on a body above the surface of the earth, is inversely 
proportional to the square of the distance of the body from the centre 
of the earth. So ‘g’ will be less, as the distance of the body above the 
surface of the earth increases. 


(b) Below the Surface of the Earth.—Again, consider a body 
of mass m at a depth ‘hk’ below the surface of the earth [Fig. 74(a)]. 
Imagine a sphere concentric with the earth 
having a radius (R— h), i. e. with its surface 
passing through points at a distance ‘h’ below 
the surface of the earth. It is known that the 
gravitational force of attraction within a 
hollow spherical shell is zero. Here the given 
body is on the surface of the innor sphere, 
but it is inside with respect to the portion of 
the earth outside the smaller sphere of 
radius (R—h); so the outer portion has no 
attractive foree on the body. The force of 
attractions on the body will be due to the 
inner solid sphere of radius (R—h) towards the centro of the earth 
and is equal to, 


Fig. 74(a) 


4a(R—h)3.D. 
3 G DM = mG 1).Dm, 
where g7(R —h)® x D is the mass of the inner sphere. 

The force of attraction, and hence g inside the earth, is there- 
fore, directly proportional to (R—h), that is, to the distance of the 
body from the centre of the earth. $ 

So, g will be less inside the earth's surface, the greater the depth 
the lesser is the value of g. Hence the mamimum value of ‘g’ is on 
the surface of the earth, and the value of ‘g’ is minimum (i. o. gero 
at the centre of the earth. 

; (c)- On the Earth’s Surface.—In this case the value of g varies 
` due to two reasons— f 

(i) The Peculiarity in the Shape of the Earth.—As the force 
of gravity on a body on the earth's surface is inversely proportional 
to the square of the radius of the earth at the place, it is sreatost 
at the poles and least at the equator, the earth being a spheroid of 
which the polar radius is the least and the equatorial radius the 
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s 


98 INTERMEDIATE PHYSICS 


greatest, the difference between the two radii being about 13°5 miles. 
So the value of ‘g’ or the wt. of a body, increases from the equator to 
the poles. 

Gi) The Rotation of the Earth about its Axis.—The diurnal 
rotation of the earth (about its polar axis) causes every body placed 
on it to be ‘subjected to a centrifugal force due to which it tends to 
be flung off, Apart of the gravitational force, due to which the body 
js attracted towards the centre of the earth, and which gives the true 
weight of the body, is used up in counteracting this centrifugal force 
and the balance shows itself as the weight of the body, which is an 
apparent weight only. 


The apparent weight and so the apparent acceleration due to 
gravity, which we actually measure in our experiments, increases from 
tho equator to the poles, as shown below. 


Let us assume the earth to be a uniform and homogensous 
sphere of mass M. Let XX’ and YY’ be respectively the equatorial 
and the polar axis of the earth mutually intersecting at right angles 
at O, the centre of the earth and let P be a body of mass m ab latitude 
à (Big. 74(b)]. The true weight W of the body is a force F acting on 


P in the direction PO and is given by W= pao where G= 


gravitational constant, and R=radius of the earth. Draw PO 
perpendicular from P on YY. If w=the common angular velocity 
of the earth and the body P about YY', the centrifugal force f to 
which P is subjected, is given by if Sea where v=linear velocity 
of P, and PO=radius of the circle which the body P describes while the 
2 

earth rotates about YY';or, f =m FO)" moè( PO) =m? R cos & 
This force is directed fron P towards O tho continuation of 
PO in the opposite direction. The component of this force in the 
direction PO', which is opposite to 
PO, is given by f cos à, ie. mw 
R cos"). 


<. The apparent weight of P 
=W— mw?R cos*). 


Now \=0 at the equator, 4.8. COS ` 
js maximum, ñe. the apparent 
weight of the body (or the accelera= 
tion due to gravity) is minimum ab 
the equator. Again A=90° at the 
Fig. 74(0) pole, i.e. cos A=0, ie. the appa- 
4 i rent weight ofthe body, or the acce- 
leration due to gravity is maximum there. Thus apart from the fact 
that the weight of a body or the acceleration due to gravity jncreases 
from the equator toa pole due to decrease of the earth's radius, it 


4 We ad, 
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also increases from the equator to a pole on account of the diurnal 
rotation of the earth. 


99. The Weight of a Body on the Sun or the Moon :—A 1-b. 
mass will weigh twenty-seven’ times more when taken to the sun, since 
the gravitational force exerted by the sun is so many times greater. 
For similar reasons it will only weigh 4th 1b. when taken to the moon. 


100. (a) Mass of the Earth :—Let M be the mass of the earth 
and its radius be R. By the law of gravitation, the force of attraction 


onamass m on the earth= oe =the weight of the mass=myg. 


2 
whence M= oll) Taking R= 4000 miles, Œ =6°65 x 107° c.g.s. 
units and g=981 cm./sec.*, M=61x 10°" gm. approximately. Thus 
knowing the radius of the earth and the @alue of G, and determining 
the value of g experimentally, the mass of the earth can be obtained. 


(b) Density of the Earth.—Let P be the mean density of the 


_ mass of earth _ M _ 38M _ E 3g 
earth: acne volume of earth $*R* “42R° Gx4xR*® AnGR. 
from equation (1) above. Taking g=981 om./sec.2, G@=6'65 x 107° 
0.8.8. unit, and R=4000 miles, p= 5'46 gm./c.c. 

Thus, from the knowledge of G, g and R, the mean density ? of 
the earth can be calculated. Henry Cavendish determined it (1797— 
98) and his result for the meam density of the earth, namely 5'5 
gms./c.c. has been confirmed by lator experiments carried oub in 
different ways. Since the mean densiby of most substances on the 
surface of the earth is much smaller than this, it means that heavy 
substances, particularly metal ores are contained within the earth. 


101. The Centre of Gravity :—It follows from the law of 
gravitation that every particle of a body upon the earth's surface 
is attracted towards the centre of the 
earth. The sum of all the attractive forces 
on the particles constituting a body is 
equal to the total attractive force of the 
‘earth upon the body, i.e. equal to the 
woight of the body. So the weights of all 
the small particles of the body can be 
regarded asa system of forces which con- 
sidering the length (about 4000 miles) of l 
tho radius of the earth, may be all treated Fig. 75 
as parallel, acting vertically downwards. 

These parallel forces can be replaced by a single resultant foree— 
which is equal in magnitude to the weight of the body—also acting 
vertically downwards at a single point @ in the body (Fig. 75). This 
point G is called the centre of gravity (written, ©. G.) of the body. 


a 
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Hence, the centre of gravity of a body or a system of particles 
rigidly connected together may be defined as the point through which 
the line of action of the weight of the whole body always passes, in 
whatever manner the body may be placed. 


(a) Important Notes on the Centre of Gravity—(i) Though 
the C.G. of a body isa point through which the line of action of the 
whole weight of the body always passes, it does not necessarily 
mean that the O.G. lies within the body itself in all cases. For 
example, a circular ring has its C.G. in the geometrical centre of the 
ring, which is in empty space. 

(ii) Tf the size or shape ofa body is changed, the C.G. of the 
body gets changed, though the weight is unaltered. A straight 
uniform wire has its O.G. at the middle point of its axis, but when 
the same wire is bent in the form ofa ring, the centre of the ring, 
which is not within the body at all, becomes its new C.G. 


(iii) As the weight ofa Body acts vertically downwards through 
its 0.G., an equal force applied there in the opposite direction will 
make the body remain in equilibrium. Thus, when rigid body is 
supported at its O.G., it remains in equilibrium, for the reaction at 
the support supplies an equal upward force. If the body is freely 
suspended by a string, the C.G. of the body will lie vertically below 
the point of attachment of the string. 


102. C.G. of Geometrically Symmetrical Bodies :—By apply- 
ing the princip'es of Statics, the position of C.G. of different bodies 
may be ascertained, as will be found in any standard book on 
Statics. But when the bodies are geometrically symmetrical and aro 
of uniform density, the C.G. in their cases can be inferred as well. 
Thus the C.G. of, 


(i) a straight wire, rod or beam, is at the 
middle point of the axis, 

(ii) a parallelogram is at the intersection 
of its diagonals, 

(iii) a triangular lamina is found by bi- 
secting any two sides and joining the middle 
Points so obtained to the opposite vertices 
when the point of intersection of these medians 
will give the C.G. Three equal particles placed 
at the vertices of the triangle have also the same 
CG, 

(iv) a circular lamina, a circular ring, a 
solid or hollow sphere is at the geometrical 


centre, 
(v) a cylinder (hollow or soli?) is at the 
Fig. 76 middle point of its axis. 


103. Determination of the C.G. of an Irregular Lamina :— 
The centre of gravity ofan irregular lamina, say, an irregular sest 
of cardboard, can be determined by suspending it, with the help of 
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a stand O from the different corners of the lamina (Fig. 76). When 
it is suspended from one corner T by a string, the centre of gravity 
lies on the vertical line given by the plumb line TO through the 
point of suspension. This line is marked in chalk on one face of the 
lamina. Tho operation is repeated by suspending the lamina from 
another corner. The intersection of the two chalk lines gives the 
centre of gravity. On suspending the body from the other corners, 
the other vertical lines so obtained will also pass through the common 
point of intersection, called the Centre of Gravity. 


104. Stable, Unstable and Neutral Equilibrium :—A body is 
in equilibrium, if the resultant of the forces acting on it is zero, and 
also if there is no moment tending to turn the body about any amis. 


Suppose that a body is displaced slightly from its position of 
equilibrium. It may happen that the forces acting on the body tend 
to restore the body to its original equilibrium condition, or the 
forco may tend to increase the displacement. In the former case 
the equilibrium is called stale, and in the latter case unstable. Tf, 
however, the forces have no tendency to increase or diminish the 
displacement, the equilibrium is called neutral. 

A body is, hence, said to be in stable equilibrium, if it returns to 
the original position, when slightly displaced from the position of 
equilibrium. A cube resting on one of its faces, a glass funnel resting 
on its mouth (A, Fig. 77), are examples of stable equilibrium. 

A body is said to be in unstable equilibrium, if after slight dis- 
placement, if moves still further from the position of equilibrium. 
A cone standing on its apex, a 
glass funnel standing on the end A B 
of its stem (B, Fig. 77), an egg 
standing on its end, are examples 
of unstable equilibrium. 


A body is said to be in neutral 
equilibrium, when, after slight Cc 
displacement, it neither returns to 
the original position nor moves 
further from it. A spherical ball 5 
resting on a horizontal plane, Fig. 17 
a cone or funnel lying on its side (O, Fig. 77), are examples of neutral 
equilibrium. 

In stable equilibrium the centre of gravity of a body is at its 
lowest position, and a slight displacement tends to raise it. When 
the glass funnel A (Fig. 77) is slightly tilted, its C.G. is elevated 
and so the body returns to the original position as soon as it is 
allowed to do so. 

In unstable equilibrium the C.G. is at its highest point, and a 
slight displacement tends to lower it. When the glass funnel B 
(Fig. 77) is slightly tilted, the C.G. at once occupies a lower point 
and comes outside the base and so can easily be overburned. Remem- 
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ber that the centre of gravity of a body always tends to occupy 
the lowtst possible position. 


In neutral equilibrium, the ©.G.is neither raised nor lowered 
by slight displacement. This is evident in the case of the funnel Cc 
in Fig. 77. 


105. Motion of Connected Systems : —Two particles of masses 
Mı and Ma (m,<ms) are connected by a light inewtensible string 
passing over a light smooth pulley and are allowed to hang freely. 
Find the resulting motion, and the tension of the string. 


Suppose mı moves downwards with an acceleration f (Fig. 78). 
The string connecting M, and mz being inextensible, the displace- 
ment of mı downwards will always be equal 
to the displacement of ms upwards. So at 
every instant the velocities of m, and m, are 
the same, the former being downwards and 
the latter upwards. Accordingly, the acce- 
leration, i.e. the rate of change of velocity of 
Ma upwards will also be the same as that of 
mı downwards, namely f. 


The string being light, its tension all 
along will be the same on each side of the 
pulley. The pulley being light and smooth, 
the tension will not alter along the string 
when it passes from one side of the pulley to 
the other side. So the tension of the string 
will be constant throughout. Let this con- 
Fig. 78 stant tension be T absolute units, 


Considering the mass Mı, the forces acting on it are its weight 
mg downwards, and the tension T upwards, and the acceleration 
being f downwards, we have, 


mıg— T=m,f we a THES) 
Similarly, for the upward Prenat of mz, we have i 
T—mog=Mof TA dis aa ae (b) 
=m 2mm. 
From (a) and (b), we get, f= ae g; and, T= aie 


N.B. If m,<me, the downward acceleration of m, will be, as is 
evident from the above expression, negative, i.e. Mı will have a posi- 
Mo- Mı 
Ma +M, 4. 
and mz will have the same downward acceleration. 


tive upward acceleration, 


Pressure on the Pulley.— As the string presses on the pulley 
@ownwards on both sides, the pressure on the pulley 
rl 2m. Ms Amma 
ar = A ee = Mı tme 
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Example. 4 mass of 3 Ibs. descending vertically, draws up a mass of 2 lbs, 
by means of a light string passing over a pulley ; at the end of 5 seconds the 
string breaks ; find how much higher the 2 lbs, mass will go. 

[U. P. B. 1934 ; Pat. ’35 (Maths.); Utkal, 1954] 

The acceleration f of the connected system, is given by, 

8-2 1 32 
=379 9-5 x32 er ft./sec.?. 
After 5 secs., the velocity of each mass is 32 x5=32 ft. /sec. The string now 
5 


being broken the 2 Ibs. mass, now free, will have a downward acceleration, 
g=52 ft./sec.2 due to gravity. If the 2 Ibs, mass rises through x ft, from this 
instant before its upward velocity is reduced to zero. 

02 =32? —2 X32 X% ; or, v=16 ft. 

106. Experimental Determination of ‘g’?:—The acceleration 
due to gravity is best determined by a pendulum experiment, though the 
following methods may also be used in the laboratory :— 

(a) By the Atwood Machine.—This machine is constructed 
on the principle of the preceding article and is generally used (i) to đe- 
termine the value ofg at a place, and also (i) to verify Newton's 
laws of motion. 

The machine consists of a fine silk thread (ie, a light inewtensible 
thread) having two equal cylindrical brass weights of masses P, P 
attached at the two ends (Fig. 79) passing 
over a light smooth pulley Æ fixed to the 
top of a graduated vertical stand S. There 
are two platforms A and O which can be 
calpmed at any desired point of the stand, 
as also a ring B which is clamped some- 
whore in between the platforms. There is 
a small weight of mass Q called the rider, 
of the shape shown in the figure, with 
arms projected on either side, and this is 
placed horizontally over the right-hand 
cylindrical weight P which, to start with, 
rests on the upper platform A placed as 
near the top of the stand as possible. The 
ring has such a diameter that the upper 
weight P, when dropped, passes through 
the ring but the rider @ is arrested. When 
the upper platform is turned (in some 
arrangements, there is no upper platiorm 
and a spring-catch holds the lower weight Fig. 79—The Atwood 
P;when motion is to be started, this Machine. 
catch is released), the system with a mass (P+@) on one side and 
P on the other begins to move. At some instant, after start, the 
right-hand weight P, passes through the ring B, when the rider Q 
js arrested and the subsequent motion of the system take place with 
equal weights P, P at either end of the string. The motion stops as 
the right-hand weight touches upon the lower platform 0. 


nit eee 
E7 
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In performing an experiment the distances moved through by the 
right-hand weight P during the two stages of motion, (a) first, from 
its start from the upper platform till the rider is arrested, (b) second, 
from the instant when the rider is arrested till it is stopped on reach- 
ing the lower platform C, are noted and also the times taken by the 
two stages of motion are recorded by a stop-wateh. Let the two 
steps of distances be h, and hs and the times taken ¢; and ża. 
Here h, is to be taken as the distance from the top of the upper 
weight P at a start tothe ring Band he as the distance from the ring 
B to the top of the same weight now on reaching the lower platform 
0. 


(i) Determination of g.—According to the previous article, the 
acceleration of the moving body will be given by, 


(P+Q)-P 
Ln ogee rast Ve A(T) 


assuming the formula, P=mf, which embodies Newton’s Second Law 
of motion. Starting from rest, the body moved through a distance 
hy in time ¢,, with the acceleration given by equation (1). 


So, hy = hee gt? Sa es we a) 


P and@ being known, and h, and t, being noted, g is determined. 
The experiment may be repeated by altering v, at pleasure by shift- 
ing the position of the ring and noting ¢, in each case, when the value 
of g will be found the same. 


Gi) Verification of Newton's Laws of Motion.—Hero assume g 
to be known. The observed values of hı and t, will be seen to satisfy 
‘the relation (2) for all values of hy proving the correctness of the 
formula for the acceleration f given by relation (1). This indirectly 
verifies the truth of Newton’s Second Law of Motion by which the 
relation (a) in Art. 105 is deduced. 


_ The velocity acquired by the moving body at the end of the first 
stage of motion is given by, 


v? Sargai A ses Ta (8) 


From the expərimənt it will bə found that the valus of v so deter- 
mined exactly equals he/ta, i.o. ha=ta.v. The same result will be 
obtained on changing ho by altering the position of the lower plat- 
form O. This verifies Newton’s First Law of Motion, for during 
the second stage of motion, ie. from the ring Bto the lower plat- 
form O, when the weights on the two sides of the string: are equal, 
the velocity once acquired remains uniform in the absence of any 
resultant force on the system. 


In deducing the above relation (1) which gives the acceleration f 
the tension T is assumed constant throughout the string and this 
assumption is based on the truth of the Third Law of motion. The 
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experimental verification of the value of f given by the relation (1) 
supplies an evidence in support of the Third Law as well. 


(b) By the Falling Plate Method.—The method is very 
appropriate for measurement of the frequency of a tuning fork and 
has, therefore, been described in Chapter VI under Sound. It will 
be evident from the last equation of that article that the same 
experiment may be used to determine ‘g’ at a place, if a standard 
fork of known frequency is supplied. 

107. Apparent Weight of a Man in a Moving Lift :—When 
a man is ascending or descending in a lift with uniform velocity, his 
weight exerted on the floor of the lift is equal and opposite to the 
reaction of the floor. When, however, the lift is rising upwards with an 
acceleration, the reaction is greater than the man’s weight; and, when it is 
going downwards with an acceleration, the reaction is less than the man’s 
weight. 

Let m be the mass of the man, R the thrust on the floor of the 
lift, which is equal and opposite to the reaction of the floor on the 
man, and which may be called the man’s ‘apparent weight’, 

The forces acting on the man are (a) his weight mg acting down- 
wards, and (b) R acting upwards. Suppose the lift is descending 
with an acceloration J. Remembering that, force = mass X acceleration, 
we have, mg-R=mf. ` R=m(g-f)=mg (1-flg) ..- hat) 

Hence, the man’s apparent weight is less than his actual weight 
‘mg’ by ‘flg’ of the latter, i.e. the man will appear to be lighter. 

Similarly, when tho lift is ascending with an upward accelera- 


tion f, we have, R= mg(1+f/9) Fan ae O) 
Hence, the man will- appear to be heavier by ‘fig’ of his actual 
weight. 


Example. If a man weighs 16 stones on a lift which has an acceleration of 
8 ft. per sec.2, find the thrust on the floor due to his weight (i) when it is ascend- 
ing, (ii) when it is descending. 
(i) We have, R=mgx(1+//g)=16 stone-wt. x(1+ i )=20 stono-wt. 
(ii) In this case, we have, R=mgX(1-f/g)......(vide eq. 1, Art, 107) 
=16 stono-wt. x(1— a= stono-wb, 


108. Falling Bodies :—A very common experience is that if a 
heavy body like a stone and a light body like a feather or a piece 
of paper are dropped in air at the same time from a height, the 
heayy body reaches the ground much earlier. Such observations led 
Aristotle (384—322 B.6.), the great Greek Philosopher, to teach the 
world that a heavier body falls faster than a lighter body and accord- 
ing to him a body of 5 lb-wt. would fall five times faster than a 
body of 1 b.wt. Such idea prevailed until about two thousand 
years later when Galileo disproved it in 1589 A.D. He simultane- 
ously dropped two heavy bodies, one large and one small, from the 
top of the leaning tower of Pisa before a large crowd of observers 
when it was found that the two bodies struck the ground together. 
Thus, he made the world know for the first time that all bodies fall 
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with equal rapidity. Why then a piece of paper falls more slowly 
than a stone? This is so, for when they fall through air, the air 
offers resistance to their motion. This air-resistance is too great for 
the weight of the paper and seriously affects its rate of fall; 
whereas, this resistance is very small compared to the weight of 
the stone and so the rate of fall of the stone is but little affected. 
If air could be removed and both the stone and the paper could be 
arranged to fall freely, i.e. unacted by any opposing force, both of 
them would fall, with the same rapidity. In Galileo's time the 
air-pump, was not-invented and it was not possible to show that 
all bodies, heavy or light should fall with equal rapidity, in the 
absence of air. After the invention of the air-pump in 1650 by Otto 
Von Guerike, Newton conclusively proved the truth of it experi- 
mentally by his well-known Guinea and Feather experiment. 


109. Why should a Material Body fall to the Earth ?—<Accor- 
ding to the law of gravitation, just as the earth pulls any body towards 
it, the body also pulls the earth towards itself with the same force. 
Why should then the body alone move to the earth 
and not the earth towards the body? Strictly. 
speaking, the earth also must move but its motion 
is so small compared to that of the body that it 
cannot be taken notice of. Its motion, relative 
to that of the body, is extremely small due to its 
comparatively huge mass, for acceleration f is 
inversely proportional to the mass m for the same 
forco P according to Newton’s Second Law of 
Motion. 


110. The Laws of Falling Bodies :— 


(1) In vacuum all bodies starting from rest fall 
with equal rapidity. 


The acceleration due to gravity is the same for 
all bodies at the same place but the resistance of 
air influences the rate of fall differently in different 
cases. This will be evident by comparing the 
descent of a parachute with that of a lump of stone. 
The stone will fall very quickly and the observed 
difference in the rate of fall is due to the resistance 
offered hy the air, the resistance increasing with 


Fig. 80— the extent of the surface of the falling body. Difer- 
Guinea-Feather ent objects will, however, fall at the same rate in 
Experiment. a vacwum where the resistance to motion is nil. 


$ Guinea-Feather Experiment.— A wide glass tube 
(Fig. 80) about a metre long, having a cup screwed at one end and 
a stopcock at the other is taken. A piece of paper and a small coin 
are introduced into the tube. On suddenly inverting the tube, it is 
found that the coin reaches the other end earlier than the picee of 
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paper. Next; by opening the stop-cock at which an ait-pump may 
be connected, the air within the tube is exhausted. On now suddenly 
inverting the tube, it is found that the coin and the paper fall together 
and reach the other end simultaneously. 


The following simple experiment also proves the same thing. 
A piece of paper is laid ona metal disc (say, a rupee coin) of larger 
diameter and the combination is dropped down together. They are 
found to reach the ground simultaneously. Here the dise overcomes 
tho resistance due to air and so the paper easily accompanies it. 


(2) The space traversed by a body falling freely from rest is 
proportional to the square of the time, e.g. if the space traversed in 
one second isa feet, in two seconds it will be æx 2° feet, in three 
seconds x x 3? feet, and so on. 


So, if s and ¢ denote the space and time respectively, s <t?. 


This can be mathematically represented by the equation, s= 3gt” 
[vide Art. 41], where g is the acceleration due to gravity. 


(3) The velocity acquired by a body falling freely from rest is 
proportional to the time of its fall, e.g. if the velocity at the end of 
one second is æ feet per second, at the end of two seconds it is 2a feet 
per second, and at the end of three seconds it is 3% feet per second, 
and so on. For this reason, a stone falling froma balloon at a great 
height will acquire such a large velocity that it will striko the surface 
of the earth almost like a rifle bullet. So, ifv denotes the velocity 
and ¢ the time, vt. This can be mathematically represented by 
the equation, v= gt [vide Art. 40). 

111. Notes on the verification of Galileo’s Laws of Falling 
Bodies :—The Atwood machine (Art. 106) may be used to verify 
Galileo's laws of falling bodies too. But the method, though direct, 
is only a rough one and the interest of the method lies in its 
antiquity only. The chief defects are,—the mass of the pulley which 
cannot be neglected, the friction of the pivot on which the wheel turns 
and the air-resistance. 

A body falling freely from rest acquires a very large velocity after 
a short time, the acceleration due to gravity being large. To measure 
this velocity in a laboratory is a problem. Moreover, in Galileo's 
time clocks were not accurate enough to measure the short time 
involved in such a measurement. So Galileo used an inclined plane 
down which the motion of a rolling ball is much slower. A com- 
ponent only of the vertical acceleration depending on the inclination 
of the plane to the horizontal operates jn this case to make the ball 
roll down. Thus, to test the nature of the acceleration due to gravity, 
he first, as it were, ‘diluted’ it to make measurements easy. 

(a) Verification by the Inclined Plane Method.—A fairly long 
wooden plank BA, say about 4 to 5 metres long, is held in an 
inclined fashion (Fig. 81), there being a hinge at A about which it can 
be turned and thus its inclination @ to the horizontal can be altered. 
A straight groove is cut on the plank from B to A anda marble ball 
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when released from the top rolls down the plank along the groove. 
Commencing from the top of the groove, Galileo marked off positions 
Qor Qi, Qa, Q3, dy, etc, along the groove, making the intervals of 
Successive distance proportional to 1, 4, 9, 16........., ie. «proportional 
to the squares, 1", 2%, 3% 42... Suppose these intervals are 10, 
40, 90, 160 cms., ete. The ball moves when released from the top, 
with an acceleration which increases as the inclination of the plank is 
increased. The inolination of the Plank is at first so adjusted that the 
ball rolls down a distance of, say, 10 cms. in the first second. Galileo 
started the ball from the top and verified that the times of its des- 
cribing the marked intervals were Proportional to 1, 2, 8, 4......... secs, 
Hence the distances described from rest were proportional to the 
squares of the times. This verifies the second law of Galileo for 
an inclined plane. Now this could be so, only if the acceleration is 
constant (of. s ~ut + 4ft?) ‘The same result was obtained when the 
experiment was repeated with balls of different masses, This proved 
that the acceleration is independent of the masses and is constant at 
the same place for a given inclination of the plane. As the inclination 
was increased, the acceleration increased but remained constant for 


Fig. 81—Inclined Plane Method, 


SY Givan inclination. From this he argued that when the inclination 
ret this should also be constant, or, in other words, the 
tion ol, to Cela ata place is a constant quantity. This 


Measure time Galileo used tho following devieo which may be 

\water-clock: He took a vessel of large transverse section 
i hole at the bottom. At first the whole was closed by tho 
fingor and the vossol filled with water. Ho removed his finger when 
tho ball was started and the GSeaping water was callected. When the 
“Pall Euobed » mart, he again var lita hole and the water collected 
ine meantime was weighod. weight gave a fair measure 
of tho timo elapsed, for the former is proportional to the Itur 


To measure the volocity acquired by the ball at tho end of the 
Ist., or 2nd., or 3rd., ate. secs., a amooth platform is held horizontally 
` Atre 


Rao «as ba 
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j at tho position a3, of as, OF de, Obo, rospootivoly as tho case might ba. ‘ 
When tho ball falls on tho platform at a position, as, or as, oto, ib 
moves forward over the platform with uniform velocity, the velocity 

- 
ti 

f 


tional to 1; £ 4, ob, i rtional to time, verifies 
Pog eee ey oto. soos. Le, propo This 


z 

Wa 

112. The Falling of Raindrops :— A small raindrop doos 
not fall so quickly aa a largor one, as the rato of fall of a smaller one 

is rotanded more by the air, 

The resistance of nir ia proportional to the area of erossoction $ 
through the contro of the drop, i.e. = ax (radius)* 
But tho weight of a drop =< its volume =e $X (radius)®. ’ 
Hence whon the mdius ineressos, de. for a drop of largo size 
tho weight increases more rapidly than the resistance of the alr, Bo 
a larger drop falls more rapidly than a smaller one. k 

Tt has boon found that the maximum velocity of a vory small 
Yaindrop of diamoter equal to woog mm. ie about 13 bins, par soo. 
and that of a larger drop of diameter oqual to 0'46 om. may be sbout 
800 oms. por second. 

113. Bodies projected Vertically Downwards t—1i » body be 
Projected vertion!ly downwanls with an inithl velocity m, tha equa 
tions of Art. 39 become, 

ow utgt, where v is the velocity after a time ft; 
mnt igt", u =f» Gistanos fallen through ; e 
a sa’ +999, g being the accoleration duo to gravity, 

114, Bodies projected Vertically Upwards :— I a body is pro 
footed vortically upwards with an initial velocity u, wo must substituta 
—g for J, aud the equations of Art. 113 now become, { 

vau~gi; emul pyi? ; oF en Igi, 

Greatest Height attained.—At tho hiho point tho volodty 
of the boly ta zero; so i e be the greatest hoight attained by the l 
body, wo have Om u* ~ 2gr. J 
i Honoa tho groatast height attained = #29. 
| Amin, the time t to reach the highest polab is gives hy, 7 

0-a-~ gt, when t= ug. s 
Similarly, wg will be the time to rooh the ground Wom ie 
+ highest point. Sotho whole tina of flight = 2u/y, 


Rasmgin. Utd tw ely upanda wiih cy of 8 


A 
A 
he 
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. At the highest point the velocity of the body will be momentarily zero, and 
the body will then fall. 5 


(a) Here, u=100 ft.; v=0 at the highest point; g=32 ft./sec.7; s= ? 
We have v? =u? —2gs. ` 


g 
J. 0=1007—2x32xs ; J. s= 0800 L 156'25 t. 
(b) Here w=100 ft./sec.; v=0; g=32 ft./sec.7; t=? 
We have  0=100—34; J. t= WO =39 sec. 
(c) Here u=100 ft./sec. ; g=32 ft./sec.* ; s=0; t=? 
We haye s=ut—jgt?; or, O=ut—jgl? ; 
or, t(w—jgt)=0; whence either #=0, which is rejected ; 
: HAA 2x100 
or, w=ggt; ie. reget Me t= ~=6} sec. 


(2) Two stones are projected vertically upwards at the same instant. One 
ascends 112 ft. higher than the other and returns to earth 2 seconds later. Find the 
velocities of projection of the stones (g=32 ft. per sec. per sec.) (G. U. 1935) 


At the highest point v will be momentarily zero. so we have, O=u?—2gs, 
Uy? 


3 
or, s= ggio one stone. For the other stone, s#112= og” 


i we thi ts 
Fo aie ta z w D Ge es CAU) 
At the highest point u-gt=0; or, t=u/g. .. Total time of flight 
t,=2u/g ; and for the other, the total time of flight (¢,+2)=2u,/g. 
s galazi) uu 2 
^ 2 i6 oy ab wee he 2) 


_ 7° (u-u) (uy tu) _ Uy tu Utu, 
From (1), Mmaa pe Ng a ay Sag 


s'e Uy +u=224 ; and w,—w=32, from (2) 
Or, w,=128 ft./sec; and u=96 ft./sec. 
(3) A stone is dropped from a balloon at a height of 200 feet above the 


ground and it reaches the ground in 6 seconds. What was the velocity of the 
balloon just at the moment when the stone was dropped ? (C. U. 1942) 


At the moment when the stone was dropped, it was moving upwards with 
the same velocity as- the balloon. Let this velocity be u ft. per. sec. upwards. 
So, here u is negative, and g is positive and the stone is falling downwards. 

Here, u= ?; s=200 ft.; t=6 secs. ; g=32 ft./sec.*. 

Wo have, s=(—u)i+gt*; or, 200=—ux6+}X32X6%=—w.6+576; 
<. Gu=576—200=376; or, u=623 ft. per sec, =62'6 ft./sec. 

(4) It is required to pierce a war balloon at an elevation of } mile by means 
of a rifle bullet fired immediately under it. If to pierce the balloon, the bullet 
must have a velocity of 40 ft. per sec. on reaching the balloon, with what velocity 
must it leave the muzzle of the gun? (Pat. 1932) 


i mile=*10%3_1390 ft. 


Here v=40 ft./sec.; w= 2; g=32 ft./sec.? ; s=13920 ft. 


We have, 407=u?+2gs; or, 40?=u*+92(—32) x1390; 
+. 67 =40? +64 x 1820 =86080 ; u=293'4 fb. per sec. 


ee 


GRAVITATION AND GRAVITY : FALLING BODIES : PENDULUM L 


PENDULUM i 


+ 
115. Historical Note :—Galileo appears to haye been the first 
to make use of the pendulum. One day when in the Cathedral at 


F Pisa, 1593, he was watching a swinging lamp and noticed that while 


the oscillations of the lamp gradually died away, the time taken by it 
to make one oscillation still remained the same. He timed the oscilla- 
tions by boats of his pulse. This discovery, he pointed gut could be 
utilised to regulate clocks. In 1658 Huygens actually used the 
pendulum to regulate the motion of clocks. 


"116. Some Definitions :— 


The Simple Pendulum.—A simple pendulum is defined as a 
heavy particle suspended by a weightless, inextensible but perfectly 
flenible thread, from a rigid support about which it oscillates without 
friction. In practice, however, a small metal bob suspended from a 
fixed support by a very fine long thread is taken to be a simple 
pendulum. 

The Compound Pendulum.—Any body capable of oscillating 
freely about a horizontal axis is known as a compound pendulum. 
The metallic rod carrying at its lower end a heavy lens-shaped mass 
of metal, known as the bob, acting as oscillator, in a clock is an 
example of a compound pendulum. 

The Seconds Pendulum.—It is a simple pendulum which takes 
one second in making half a complete oscillation (i.e. one vibration 
or Swing). So ib has a period of two seconds. When it is said 
that a pendulum beats second, it means that it takes one second 
to make one swing. 

117. Some Terms :— 

Length of a Simple Pendulum.—tIt is the distance L from the 
point of suspension up to the centre of gravity of the bob, i.e. the 
distance between A and B [Fig. 
82(a)]. That is, it is the length 
of the suspension thread plus 
the vertical radius 7 of the bob. 
It is also called the effective 
length of the pendulum. 


Amplitude.—T he maxi- 
mum angular displacement « 
(Fig. 82()] of the bob, mea- 
sured, on either side, from its 
undisturbed position (given by 
the vertical position Æ) up to 
the extreme position as shown 
at Gor D, is called its ampli- 
tude. It should not exceed 4° 
for the motion to be simple har- - 
monic [wide Art, 119]. The 
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amplitude of a simple pendulum gradually decreases as the bob swings, 
on account of air-resistance mainly. 

Time period (or simply, Period).—It isthe time taken by a 
pendulum to make one complete oscillation. One complete oscillation 
comprises two  swings—one forward, another backward. An oscilla- 
tion is usually reckoned from the extreme Position. D [Fig. 82 (b)] 
to the other extreme position O and back to D next time ; or, from 
the undisturbed position Æ (pendulum vertical) when, say, it is 
moving to the right, until when it passes through the undisturbed posi- 
tion E again moving in the same direction as shown by the arrows. 


One vibration means the motion from one extreme position, say, 
D, to the other extreme position C, i.e. it is half of an oscillation. 


Frequeney.—It is the number of complete oscillations made by a 
pendulum per second at a place. Thus, if n= frequency, and t= time 
period, nt = 1, or, n= 1/t. 

Phase.— The phase of a pendulum gives its state of displacement 
and motion at any particular instant, i.e. it determines the Position of 
the pendulum in the path of motion and also the direction of motion 
at that instant. 

118. The Laws of Pendulum :— The laws of oscillation of a 
simple pendulum are given by the following relation— 


(55 
t=2x Y =? 
where ¢= period of the pendulum ;1= effective length, g= acceleration 
due to gravity at the place of oscillation, 


Law l. The oscillations of a pendulum are isochronous.— Chat 
_ is, a pendulum takes equal time to complete each oscillation whatever 
is the amplitude, provided the latter is small (within 4°), So time- 
period is independent of the amplitude of vibration. This is also 
known as the law of isochronism. 


i Law 2. The period of oscillation of a pendulum varies directly as 

the square root of the length. Mathematically, t-<-/, l, or l/t? =a con- 
stant for the place of observation. Thus if the length be increased four 
times, the period becomes double. This is known as the law of length. 


[Note.—Tho length of a pendulum changes with temperature : so 
the period ¢ of a pendulum changes with temperature, | 


of oscillation varies inversely as the square 
root of the-acceleration due to gravity at the place of observation 
This is known as the law of acceleration, Mathematically ¢-<1/v/g, 
ort? Xg=4 constant, for the same pendulum. 


. Thus, if g be greater at a place, # will be less, ie. the pendulum 
will vibrate more rapidly. 


Law 4. The period does not depend on the mass or material of 
the bob of the pendulum, provided the length remains constant. This 
is known as the law of mass, 
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119. Simple Harmonic Motion* :—A body is said to execute 
simple harmonic motion (abbreviated as S.H.M.), if it does a to- 
and-fro periodic motion ina straight line such that its acceleration is 
always directed to a fixed mean position in that path, called” the 
Position of equilibrium, and is proportional to the displacement from 
that mean position. 


120. Motion of a Simple Pendulum is Simple Harmonie :— 
Let the bob of mass m of a pendulum of length J [Fig. 83] be displaced 
through an angle 0 from its undisturbed position B to the position O. 
Ifg be the acceleration due to gravity at the place, the weight mg of 
the bob can be resolved into two 
components mg cos @ acting along 
OF, the direction of the string which 
is kept taut thereby, and mg sin 0 
acting at C along OH at right angles 
to CF. The former is balanced by 
the tension of the string, while the 
latter tends to bring the bob back 
to its original position B with an 
acceleration g sin @. If @ does not 
exceed 4°, sin @ may be taken to 
be equal to @ and so the accelera- 
tion of the bob, g sin @=g@. After 
crossing the mean position B, when 
the bob moves towards BD by virtue 
of its inertia and acquired velocity, 
the acceleration acts in the opposite 
direction, i.e. towards B and so the 
motion decreases and vanishes at ; 
the other extreme position D, when Fig: 88 
the direction of motion is reversed. This explains why a pendulum 
should oscillate at all. The acceleration, itis to be noted, is always 
directed towards the mean position B. 


Again, 6-222 BO ____displacement —__ 
ean length AB length of pendulum (J) ` 
Acceleration = 9.0=4 x displacement, ieee XL) 


That is, the acceleration is proportional to the displacement, because 
g and 7 are constants for the pendulum at a given place. 


Thus, acceleration being proportional to displacement and always 
heing directed to a fixed position B in the path of motion, the motion 


z ate : f 
_is simple harmonic, according to the definition of simple harmonio 


motion. 


*For a detailed treatment of:S,H.M., see-Chapter II on §.H.M., in Sound, Part 
TII of this volume. 
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Though a pendulum continues to oscillate for a long time, it, 
however, gradually stops due to the resistance of air and the friction 
at the point of suspension; otherwise a pendulum would have 
oscillated for ever, had there been no such resistance to stop it. 


121. Period of a Simple Pendulum :—Mathematically, the 


motion of a pendulum, which is simple harmonic, is given by [vide 
Art. 10, Part III], 


Acceleration _ 


=o2 o= Ì 
Disniavemant , where angular velocity 


2 
= (7) , where t= time-period. 


acceleration 


TEAST 
g 


122, Verification of the Laws of Pendulum :— 


Law 1 (The Law of Isochronism)—To verify the first law, note 
with a stop-watch the total time of, say, 20 oscillations with different 
amplitudes, keeping the length constant. It will be found that the 
period ¢ in each case remains constant. 


That is, t? =47°? x displacement. _ 4x* x L from (1) above. 


It should be noted that the 
law is true only for small 
angles of amplitude (about 4°); 
so when noting the times of 


a $ oscillation with different am- 
gos plitudes, care should be taken 
So not to exceed the maximum 
ae limit of 4°. 

a Law 2. (The Law | of 

Les Length)—Find the vertical 

Ors radius of the bob by means of 
Tg: a slide callipers, and hence 


determine the length from the 
point of suspension up to the 
Fig. 84 . centre of gravity of the bob. 
Observe the time taken for 20 

complete oscillations, and thus find t, the period. 


. Tk 
LENGTH OF pewDuLUM 


_ Change the length of the pendulum and again find the period. In 
this Way get several values of the period for the corresponding lengths. 
Tt will be found that ¢ << 4/7, i.e. the value J/é2 will be a constant. 
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Law 3. (The Law of Acceleration)—This law can be verified 
by taking a pendulum to different places having different values of g. 
Tt will be seea that ata place 
where g is greater, the vibra- 
tions will be quicker. t? Xg 
will, however, be found constant 
at different places for the same 
length of the pendulum. 


Law 4. (The Law of Mass). 
—Keeping the effective length 
of the pendulum the same in 
every case, if the bob be 
replaced by another one of dif- Suna 
ferent size or of a different H ie 
material, it will be found that H 3 
the period ¢ remains unaltered. 63 

By performing this experi- 
ment with bobs of different Fig. 85 
substances (such as wood, iron, brass, ətc.), it can be shown that the 
aeea ron due to gravity at the same place is the same for all 
odies. 


>35 
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= 
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SQ. OF TIME PERIOD 


Y 


5 
LENGTH IN CMS. 


Graph.—Draw a graph with the length 1 (along the X-axis) and 
time period ¢ (along the Y-axis). The relation between J and ¢ will be 
anarm ofa parabola (Fig. 84). The graph (in Fig. 85), which is a 
straight line, represents the relation between J and °. From any of 
those graphs, the length of the pendulum corresponding to a given 
time period of oscillation can he determined, but it is better to take 
the help of 7 and ¿° graph (straight line) for this purpose. 


123. The length of a Seconds pendulum :— The period of a 
seconds pendulum is 2 seconds. Hence from the formula for the 
period of oscillation, we have, 


tan d; or, = ie g ent) 


So the length of the seconds pendulum changes at different places 
depending on the value of g. 


Taking the value of g to be 981 cms. per sec. per sec., the 
length of the seconds pendulum becomes [from eq. (1) abovel, 


5 O81 298k Gas 
l= m FST =99'°39 cm. 
Taking the value of g to bo 32°2 ft. per sec, per sec, 


=822 _ 3-96 ft. =3912 inches, 
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Graph.—To determine the length of the seconds pendulum from 
the graph, draw the J and t* graph (Fig. 85) and find the length 
corresponding to t?=4, 


124. The Value of ‘g’ by a Pendulum :— By carefully measur- 
ing the length and the corresponding period of a simple pendulum, 
the value of g at any place can be determined from the formula, 


So at ae amA E E 
t ENA ; whence g 2 =4n*x E: 


Thus, when the value of J/t® at a place is (say) 24°84, 
g= 4m? X I/t? =4 X 9'87 X 24°84 = 98068 cm./sec.? 


125. Loss or Gain of Time by a Clock on Change of Place :— 
The loss or gain of time depends on (a) the latitude of the place as 
the value of g varies with the latitude™ef a place (Art. 98). gis 
minimum at the equator and increases gradually towards a pole. 
But as the time-period ¢ of a simple pendulum varies inversely as tho 
square root of g, the period ¢of a pendulum will decrease as it is 


-taken from the equator toa pole. So, a pendulum clock will gradually 


gain time, i.¢. will go fast, when taken from the equator to a pole. 


(b) The loss or gain of time also depends on the height of a place 
above the sea level. As the value of g diminishes with the distance 
above and also below the surface of the earth, the time-period ¢ of a 
pendulum clock will increase, and so the clock will lose time, ie. will 
go slower when taken to the top ofa mountain or to the bottom of a 
mine. 


126. Measurement of Height of a Hill :— 
(i) By a pendulum experiment— 


Suppose g and g’ are the respec- 
tive values of the acceleration due to 
gravity at the bottom and at the top 
of a hill as measured by a pendulum 
experiment. Then, as shown in Art. 
100, at the bottom 


ae » with usual notations, 


g= 


where R=radius of the earth. (Fig. 
86). Acceleration g’ at the top of a 
hill of height h will be given by 


G.M 
Contre of Barth f= (eth: From the above equa- 
ape tions. : a D; 
8 DERF Rth_ fg 
mae oe Jt mai Ch) 


Thus, if R is given, h will be known when g and g’ are experi- 
mentally determined. 


>» 
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(ii) By a Clock— 


Suppose, a clock gives correct time at the foot of a hill and loses 
n secs. a day at the top of it. 


Then, at the bottom, 1 =r han iy eC) 


where /=length of its pendulum, which is really a seconds pendulum 
and at the top, where it makes (86400—n) swings in 864.00 secs. 


86400 _ I 
a AN a a ea ee 
I= a 
From (2) and (8), a/- = ppoe Acca Ree 
null 86400 


From (1) and (4), - = 64100-7 ay; ae (8) 


Thus, h will be found, if R is given and n determined. 
127. The Disadvantages of a Simple Pendulum :— 


(i) In obtaining the formula for the simple pendulum, the 
thread was assumed to be weightless and all the mass of the bob was 
assumed to be concentrated at its centre, but, in practice, neither of 
these conditions is strictly true. 


(ii) The formula for the simple pendulum is true only for 
very small amplitudes, and corrections should be made for large 
amplitudes. 


(iii) Corrections should also be applied for the effect of resis- 
tance on motion, and the buoyancy of the air, which raises the centre 
of gravity of the pendulum. 


(iv) Errors are also introduced due to the slackening of the 
thread when approaching the limit of swing, and due to the friction 
at the point of suspension which may interfere with the free move- 
ment of the pendulum. 


Examples. (1) Find the length of a seconds pendulum at a place where 
g=981. (0. U. 1912, 1919) 


For a simple pendulum, we have, t=2r Jl/g 
sha 
For a seconds pendulum, f=2secs.; .°, 2=2 x Jar 


agr 


92 x22 *981=99°31 cm. (nearly). 


Hence l= 


(2) Two pendulums of length 1 metre and 1:1 metre respectively start 
swinging together with ths same amplitude. Find the number of swings that 
will be executed by the longer pendulum before they will again swing together 
(g=978 cm. per sec.2). (C. U. 1909). 


l 
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Let f and tə be the periods of oscillation of the pendulums of lengths 
1 metre and 1;] metre respectively ; 1 metre =100 cm. and I] metre=110 cm. 


100, DETT 
Then we have, EN and ia =2r Torah 


Suppose the pendulum of 1;1 metre length makes mj swings, and the other 
makes (n,+n,) swings before they again swing together : 


then, nyt, =(n,#Ma)ty 5 or, Milia =t) =ni; eee sve (8) 


But (t= ~ITO — ~IO) 


.. From (1), Noe IO - V100) = tar VIOD, 


0, _ 10(Wi70410), 
0-10), 


1 
on melo. 
á ARE "* 10 


Y. 


y 


=(J/110+10)n, =20'5n, (nearly)= Por) (nearly). 


To get a whole number, the least value for ñ, is 2, and therefore, n,=41 
(nearly). 


(3) Supposing a pendulum to be so constructed that it beats seconds at a 
place where &=980, how would its length have to be 
beat seconds at a place where g=340? 


The period of a seconds pendulum is 2 seconds. 


T Ay 

We haye, t=2nq/ y> Hence amra) 980" 
‘Es SUES IPN 

Again, acara gi. ws V 9607 Nie s 


l, 340 
or, se, + = 
, Esg e h=, 


changed so that it may 


Hence the length has to be shortened to z of its original length. 


(4) A pendulum which beats seconds at a fi i 
place where g=32;2 is taken to 
a place where §=32:197. How many seconds does it lose or gain in a day? 


Let ¢, be the original i i 
pe ginal period, and ¢, the new period of the pendulum. In 
this case fy is equal to 2 secs., but this fact is not required. S 


I 
We have, ttea/; arai t=, oe 
32'197 _/82'2 -0005 Bey 
A 323-0005 0'003 
ence, 4 En = sa ZV. 139-2 ) 
í 


2 r 1 
Because E E ae we have t, >¢,, and so the pendulum will lose time. 


Let m=no. of secs. lost per day. The number of secs. ina day is 24x60 60. 
or 86400, .", (86400 —n)t, =86400x¢, ; Boag ek 


"e 
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sae $ 0003 0:008) 4 
(86400 —n) 86400 x 86400 x v Fe 7 on )=8 os0o(2 32°9 
S "003 
=86400( 1- o baee ra i +. M=4 secs. 
Hence the pendulum loses 4 secs, per day. 


(5) A pendulum which beats seconds at the Equator gains five minutes per 
day at the Poles. Compare the values of g at the two places. 


Let g, and tı denote the value of g and period respectively at the equator, 
and g, and tz those at the poles. 


Because the pendulum beats seconds at the equator, t,=2 seconds. 


We have, htir; or, ded? 5 or, g, =r’ va he (1) 
1 1 
Now, at the poles, the pendulum gains 5 minutes per day, that is (5 x 60) 
i A 5x60 
seconds in (24x60x60) secs. M It gains 5760 x60 Ser Por sec.) 


i.e. it gains “stg sec. in one vibration ; on -ag sec. in one complete oscillation. 
574 
288 
5 5TA) mda l 2882 
re Eo dor ra co etl xe a ioe (1) 
ml x = 287? _ 289 
it aig a SBS PRET SO 
â 4x287° 

(6) A pendulum of length l loses 5 secs. in a day. By how much must it 
be shortened to keep correct time? (C. U. 1932) 


Because it gainsay sec. in one oscillation, its period, t, =(2 S) a BECB, 


From (1) and (2), = 
Ja drix 


There are 86400 seconds in a day. As the pendulum loses 5 secs, a day, 
it beats (86400—5), or, 86395 times in one day, i.e., in 86400 seconds. 


.". Time of one vibration (time of one swing) t= Boe (and...not 1 sec.), 
But the time of one swing, i.e. half oscillation x J/l/g. 
: E SO p i a LA (EEO 
e. We have, r /. g 36398 "y 36396 ny ee Ch) 


In order to keep correct time, let the length of the pendulum be shortened 
by x. In this case, it becomes a true seconds pendulum and its time of one 
vibration becomes 1 second. 


Then we nave, r E =1; TA mi =1 A e A 


86400) 3 5 
From (1) and (2), Ar (80) -1= (1+) 2 


2x5 cf 
“(it ts 86395 tote...) 1, from Binomial theorem 


= sone (neglecting other terms). 


120 INTERMEDIATE PHYSICS 


PLT ag S 
w=? * 86395" 


If g is taken to be 981 om.fsec.? T BERON "i 
/sec.?, we have, x 987 x 86305 0°0115 cm, 


_128. Johann Kepler (1571—1630) :—Born at Wiel, a town in 
Wiirtemburg. He was born of poor but noble parents. He began his 
life as a pot boy in an inn- 
After passing through several 
vicissitudes of life, he ulti- 
mately graduated in 1594 from 
the Tiibingen University. His 
principal works relate to optics 
and the Copernican planetary 
system. He is practically the 
founder of geometrical optics, 
i.e. the part of optics which is 
based on the rectilinear propa- 
gation, reflection and refraction 
of light. The three planetary 
laws named after him bears 
eloquent testimony to the 
gigantic labours he made in 
studying the planetary motions. 
In 1601 he became an assistant 
to Tycho Brahe, a Danish 
Astronomer and the valuable 
observations which Tycho Brahe 

r Johann Kepler made with his famous astro- 
nomical apparatuses became available to him. He became the 
Director of the Laboratory when Tycho Brahe died. He put in six 
years of tireless labour making obseryations on the path of Mars 
alone. He worked mainly in Prague which he left for financial roa- 
Sons and later in 1612 went toa school at Linz where he continued 
for fourteen years. His work in Linz resulted in his famous book “Hor- 
monices Mundi” which contains a comprehensive record of his studies. 


129. Galileo Galilei (1564—1642) :—An Italian mathematician, 
astronomer and experimental physicist. He is perhaps the earliest 
scientist whose work gaye definite directions to the progress of our 
physical sciences. While studying medicine at the university of 
Pisa, a lecture on Euclid which he attended aroused in hima deep 
interest in Mathematies anl he applied himself so seriously to it 
that at the early age of twenty-four he wrote a treatise on the centre 


a 


a 
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of gravity of solids, Next year he was appointed a Professor of 


Mathematics at the University of 
Pisa. At this time he discovered 
his famous laws of falling bodies 
and gave public demonstrations by 
dropping stones of different sizes 
from the top of the leaning tower 
of Pisa to prove that all bodies fall 
with equal rapidity. Previously 
Aristotle (Geek philosopher and 
political thinker) taught the world 
that bodies fall in times propor- 
tional to their weights. Galileo had 
to leave Pisa for such public 
demonstrations against popular 
beliefs. Next he joined the Padua 
University as Professor of Mathe- 
matics. His attention here was 
turned to astronomy when in 1604 
a bright new star was discovered in 
the constellation of Serpentarius. 
He was searching fora suitable aid 
for distant vision. A rumour goes 


Galileo Galilei 


that a Dutch lens-grinder had found that two lenses used together 


Christian Huygens 


man where he died in 1642. 


make distant objects appear 
close at hand and Galileo took 
the hint from him in construct- 
ing the first telescope. How 
thrilling they must have been 
when with its aid he for the 
first time saw the mountains on 
16 moon, the statellites of 
upiter, the rings of the Saturn, 
he sun-spots, etc. He was a 
trong supporter of Copernicus’s 
1eory that it is the earth and 
16 planets which revolve round 
the sun and not the latter round 
the earth, though the opposite 
idea was firmly entrenched in 
the minds of the people of his 
time. The antagonism of the 
church compelled him to 
discard this belief and he 
retired to his village home, near 
Florence, a completely broken 


age 


teat 


ct 
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130. Christian Huygens (1629—1695): A Duich Physicist and 
contemporary of Newton. He ranks with Galileo as an inves- 
tigator of Nature. His chief claim to immortality relates to 
the development of the wave theory, though his contributions to 
Mathematics and Astronomy are no less. He discovered the Orion 
Nebula and was the inventor and perfector of pendulum clocks. 
Elected to the Royal Society of London he delivered in 1663 his 
famous lecture giving the laws for the collision of elastic bodies, He 
thoroughly studied the properties of curves, particularly the Cycloid. 
He died a bachelor. 


131. Sir Isaac Newton (1642—1727):—An English Physicist 
and Mathematician and a genius with few equals. The foundations 
-of most of our physical 
sciences resu on his 
different works. His 
treatise Principia is 
an immortal gift to 
posterity. In it are con- 
tained, amongst others, 
the foundations of Me- 
chanics—the laws of 
motion, given in Latin, 
and their applications 
to motion of heavenly 
bodies under gravitation. 


He was born at 
Woolsthorpe, Lincoln- 
shire, England on the 
Christmas day of 1642, 
a posthumous son. From 
his boyhood he was 
philosophie in tempera- 
ment. Educated at the 
Trinity College, he re- 
ceived the M. A. degree 
from Cambridge in 
1665. That year the 
black plague broke out 
and he removed to 
Woolsthorpe where 

Sir Isaac Newton during the next few 

si years he made the 

greatest discoveries. Once while sitting under an apple tree in his 
home garden, it is said, a ripe apple fell on his head. Why should the 
apple fall towards the earth? He thought and concluded that there 
must be some attractive force between the earth and any material 
body. He knew the three laws of planetary motion which Kepler 
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had discovered before, as also the Galilean laws of falling bodies. In 
nearly a circular path the moon moves round the earth once ina 
month. A force is necessary to keep the moon in its orbit. The 
question arose in Newton's mind—is this force of the same nature 
as the force which makes an apple fall ? He founded the doctrine 
of universal gravitation from reasonings on this question. During his 
short period of stay at Woolsthorpe he also worked out the principles 
of Differential Calculus, for he found that the existing mathematical 
knowlege of his times was not adequate to deal with the problems 
relating to continuously varying quantities. He next devoted his 
attention to the studies of optics and revealed the composition of 
white light by the use ofa prism. He also advanced a theory on the 
propagation of light, namely the corpuscular theory. He was a great 
practical optician too and constructed a reflecting type of telescope, 
He also worked on the viscosity of fluids. 


In 1669 he was appointed Professor of Natural Philosophy at 
the Cambridge University. He was elected to Parliament and acted 
for twenty-five years as the President of the Rayal Society and was 
knighted by Queen Anne in 1705. A remark made by him at his 
death-bed shows how modest he was though so great. He said, “If 
I have seen farther than others, it is by standing on the shoulders of 
giants.” At the age of fifty he developed 2 
a nervous. breakdown, after which he did 
not do much scientific work and turned to 
theology. He died at the ripe old age of 
eighty-five, a bachelor and was buried at 
Westminster Abbey. 


132. Henry Cavendish (1731—1810) : 
—He ranks with Scheele, Priestley and 
Black in founding the science of chemistry. 
He belonged toa noble and rich family of 
England and lived a life devoted to science. 
He discovered in 1771 that Hydrogen and 
Oxygen when burning together form water. 
His researches on the chemistry of the air 
practically led to our present knowledge of 
the composition of the air. In 1773 his 
electrical investigation led him to establish 
the law of inverse squares for electric 
forces. He successfully measured by means 
of a Coulomb Torsion balance the force of 
gravitational attraction between two lead spheres which he set up, 
Perhaps this was the first time that such a small mechanical force was 
experimentally measured by any worker. He calculated the value of 
G, from the masses concerned and their distance apart. This enabled 
him to calculate the density of the earth and so ‘Cavendish is often 
said to have weighed the earth.” 


Henry Cavendish 


` 
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Questions 
1. What is meant by the phrase “Constant of gravitation is 6-6 x10-* c.g.s. 
unit” ? (R. U. 1954) 

2. Calculate the mass of the sun given that the distance between the sun 
and the earth is 1:49x1018 cm. and G=6'66 X10- C.g.s. unit. Take the year 
to consist of 365 days. (P. U. 1942) 

[Ans. 4347x1032 1b.) 

3. A body is weighed at the surface of the earth, at the sea-level and at 
the top of a mountain. State, in general terms, how the position will affect 
the weight and mass of a body. Give reasons for your answer as far as 
possible. (C. U. 1920; cf. Pat. 1932) 

4, State where a body weighs more—at the poles or at the equator. Give 
reasons. How do you prove this difference in weight experimentally ? 

(C. U. 1931, '40) 

5. Distinguish between mass and weight. How are the mass and weight 
of a body affected by variations of latitude ?—Is weight an essential property 


of matter ? (C. U. 1941 ; cf. Nag. U. 1950; Pat. 1932) 
6. Describe an Atwood’s machine and explain how you would use it to 
determine the yalue of g in the laboratory. (Pat. 1955) 


7. State Newton’s law of gravitation. Obtain an expression for the 
acceleration due to gravity in terms of the mass of the earth, the radius of 
the earth, and the gravitational constant. (R. U. 1955) 

8. What is meant by “‘acceleration of gravity” ? How do you prove that 
it varies from place to place on the earth's surface? How does it vary ? 

(C. U. 1933; cf. All. 1939; U. P. B. 1943) 

% How does the rotation of the earth affect the acceleration due to 
gravity ? (R. U. 1955) 

10. A light string passes over a smooth pulley and has masses of 240 gm. 
and 250 gm. attached to its ends. Calculate the value of g, if the system 
starting from rest moves a distance of 160 cm. in 4 seconds. (Anna. U. 1950) 

[Ans. 980 cm. per sec.2.) 

1]. Two masses of 80 and 100 gm. are connected by a string passing over 
a smooth pulley. Find the tension of the string when they are in motion. 
Find also the space described in 4 secs. (g=981 c.g.s. units). (M. U. 1951) 

[Ans. 87200 dynes ; 872 m.] 

12. A man weighing 10 stones is sitting in a lift which is moving vertically 
with an acceleration of 8 ft. per sec.2. Prove that the pressure on the base 
of the lift) is greater when it is ascending than when it is descending and 
compare the pressures. (Pat. 1931) 

[Ans. R/Ri=5/3] 

13. A mass of 10 Ib. is hung from a spring balance attached to a lift. 

The lift is (a) ascending with an acceleration of 4 ft./ sec.2, (b) ascending 
with a uniform velocity of 4 ft./sec. Calculate how the reading of the spring 
balance will be affected in each case. (g=32 ft_/sec.2). 

[Ans. (a) The balance will read more by 1°25 Ib. 

(b) The balance will record the same all along.] 

14. Show that for a falling body the distance through which it falls down 
during a given number of secs. is equal to the distance travelled during the 
first sec. multiplied by the sq. of the number of secs. (C. U. 1946) 

J5. A body of mass 50 gms. is allowed to fall freely under the action of 
ASN What is the force acting upon it? Calculate the momentum and the 

inetic energy it possesses after 5 seconds. (¢—980 cms. per sec.?). 
A (C. U. 1937) 
[Ans, 49x10 dynes ; 245 x10* o.g.s. units ; 60025 x10* ergs. 


f 
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16. How would you experimentally show that the acceleration of a freely 
falling body is uniform ? (Utkal, 1948, "50, '54) 
17. State the laws of falling bodies and illustrate them by suitable 
examples. (C. U. 1941) 
18. How is-the period of swing of a pendulum related to the wt. of the 
bob, its length, and the amplitude of the swing? Hence state the laws of 
oscillation of a simple pendulum and state how you would verify them experi- 
mentally. What is meant by effective length ? 
(C. U. 1918, "15, "17, ’19, *21, ’24, 82, 736, "40, '47, '49, °53,; Pat. 1946) 
19. Explain why a pendulum should oscillate if the bob is drawn aside and 
let go. (Pat. 1946) 
20. Obtain an expression for the period of a simple pendulum. What is the 
practical use of this formula ? (Pat. 1951) 
21. What is a simple pendulum? State the laws of vibration of simple 
pendulum. Explain in general terms how a clock will gain or lose as it is 
taken from the surface of the earth to the top of a hill and to the bottom 


of a mine. (C. U. 1957) 
22. State the laws of vibration of a simple pendulum and find the length 
of a seconds pendulum at a place where g is 980 cm./sec.?. (C. U. 1951). 


[Ans. 99-29 cm.] 

23. A faulty seconds pendulum loses 20 secs. per day. Find the required 
alteration in length so that it may keep correct time ; given g=32 ft. /sec.?. 

(Pat. 1958) 

[Ans. 0:0015 ft.] 

24. (a) How will you proceed to determine the ‘g’ of a place,with a 
pendulum ? Give the practical directions necessary and state reasons. 

(U. P. B. 1947, 48; G. U. 1949) 

(b) What is the effect of the height above, or the depth below, the surface 
of the earth, on the periodic time of a pendulum ? (G. U. 1949) 

[As ‘g' decreases, the periodic time of a pendulum increases and hence a 
clock will go slower.] 

25. A pendulum which keeps correct time at the foot of a mountain loses 
16 seconds a day when taken to the top. Find the height of the mountain, 
Neglect the attraction due to the mountain and take the radius of the earth as 
21x106 ft. 

[Ans. 3890 ft. approx.] 

26. A pendulum which beats seconds at a certain place where ‘g’ is 981 
cm,/sec.2 is taken elsewhere where ‘g’ is 978:3 cm./sec.2 Calculate the number 
of seconds it loses or gains in a day? (Pat. 1939) 

[Ans. It loses 1 minute 58-89 seconds.] 

27. Will a pendulum clock gain or lose, when taken to the top of a 
mountain ? (C. U. 1917, 19; cf. U. P. B: 194) 

28. When a ball suspended by a string is made into a ‘seconds pendulum’, 
does the actual length of äts string equal the length of the equivalent simple 


pendulum ? If not, why ? (C. U. 1912) 
[Hints.—As the ball has a certain dimension, the actual length of the 


string will not be equal to the length of the equivalent simple pendulum. 
The distance between the point of suspension and the centre of gravity of balt 
will be the length of the equivalent simple pendulum.] 
29. What precautions or correction are necessary in an expermient with 
a simple pendulum ? _ (CG. U.. 1953) 
80. A clock which keeps correct time when its pendulum beats seconds 
was found to be losing 4 minutes a day. On altering the leng:h of the pen- 
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_dulum it gained 2} minutes a day. By how much was the length altered, 
if the length of the seconds pendulum is 99:177 cms. ? 


[Ans. 8:97 mm.] 
81. A hollow pendulum has a hollow special bob attached to its thread. 
Will the period alter if the hollow bob is half filled with mercury ? 
(C. U. 1950 


CHAPTER VI 
J WORK: ENERGY: POWER 


a 133. Work :—Work is said to be done by or against a force 

< when ifs point of application moves in or opposite to the direction 
of the force and is measured by the product of the force and tho 
displacement of the point of application in the direction of the force. 
The work may also be determined by the product of the displacement 
and the component of the force in the direction of displacement. 


4 When a man mises a weight, the force which he exerts does 
“work against the force of gravity which acts downwards, Work is 
done by a horse when it draws a carriage against the force of friction, 
called into play between the carriage and the ground, which opposes 

_ the motion. 


Suppose a force P acts on a body at A in the direction AX 
N and it moves to B ina given time (Fig. 87). 


Fig. 87 


(@ If the displacement AB is in the direction AX [Fig. 87(a)], 
the work done by P, is W= P x AB, and is called positive work. 


(i) If the displacement AB is in a direction opposite to the 
direction of P [Fig. 87(b)], the displacement measured in the direc- 
tion of P= - AB, and the work dono by the force P, is W= -P x AB, 
and is called negative work. This work is done against P. 

(iit) Tf the displacement AB is ina direction different from the 
line of action of P, say, making an angle O with AX [Fig. 87(c)], 
then the displacement measured in the direction of P is AN= 
AB cos 6, where BN is the normal from B on AX. Therefore, work 
done by P is W=Px AN=Px AB cos 0= ABX P cos 0. That is, work 
= forcë X component of the displacement of the point of applica- 


ST RN ry 
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tion of the force in the direction of the force= displacement x com- 
ponent of the force along the direction of the displacement. 

N.B. It should be noted from above that no work is done by 
or against a force at right angles to its own direction, because O in 
this case is 90°. 


134. The Units of Work :— Unit work is done when unit force 
moves its point of application, in its own direction, through umit 
distance. As the unit of force is measured in the two systems, the 
absolute and gravitational, so the unit of work may also be measured 
in the above two systems : 


(a) The absolute unit of work in the C. G. S. system is one Erg ; 
it is the work done when a force of one dyne moves its point of 
application through a distance of one centimetre in its own 
direction. 7 

The absolute unit of work in the F. P.S. system is one Foot- 
Poundal : it is the work done when a force of one poundal moves 
its point of application in its own direction through a distance of 
one foot. 

(b) The gravitational unit of work in the C. G. S. system is the 
Gram-Centimetre ; it is the work done in lifting a mass of one 
gram through a vertical distance of one centimetre. y 

[For practical purposes the unit chosen by the engineers is the 
Bilogram-metre.| A 

The gravitational unit of work in the F.P.S: system is the Foot- 


sk 


e4 


Pound (ft.-1b.); it is the work done’ in raising a mass of one pound 


through a vertical distance of one foot. 
Sinco the weight of a gram is nearly 981 dynes, 1 gram-conti- 
metro = 981 ergs. 
1 erg=1 dyne-cm. ; 1 foot-poundal = 421,390 ergs. i 
Note. The erg being very small, three additional units of work 
(or energy) are used by electrical -engineers for practical purposes, 
viz 
(i) The Joule= 10" ergs. 
(ii) Tho Watt-hour=3,600 Joules=(8,600 10") ergs, ʻe. one 
qoule per second for one hour. 
(iii) The Kilowatt-hour (IWh)=8,600* 1000 Joules=(1000 x 3600 
X107) ergs, i.e. 1000 Joules per second for one hour=36 X 102? ergs, 
‘The Kilowatt-hour (kWh) is the legal supply unit fixed by 
the Board of Trade and is called the Board of Trade Unit. 
135. Conversion of Foot-poundals into Ergs :— 
1 poundal= 555 of the wt. of 1 tb. = (aay x 458°6) grams-weight x 
-l4 X45376 X 981 ) dynes ; and 1 foot=30'48 ems. 
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Honce, 1 foot-poundal = 8048r MOB orgs = (4°2139 x 10°) orgs 
approximately. 


136. Relation between the two Units of Work :—Since the 
gravitational unit of force is g times the absolute unit of force. 


gravitational unit of work =g x absolute unit of work. 
Since the weight of a pound is 32°2 poundals, 
1 foot-pound = 32°2 foot-poundals = 32°2 x 421,390 ergs. 
, =1'356 x 107 ergs = 1'356 Joules 
(Since, 1 foot-poundal = 421,390 ergs). ; 
137. Power :— The power or activity of an agent, say a dynamo 


or an engine, is the rate at which it does work, i. e. the work done by 
it in unit time, when the work is done continuously. 


When we consider the time taken by an agent to perform any 
work, we consider what is called power of the agent. The average 
[i 4 

total work done 


power used in any operation is the ratio of Toae ARSA 


138. The Units of Power :— (a) Tho C.G.S. absolute unit of 
power is ome erg per second. 


This being too small for practical purposes, two additional units 
are employed in electrical engineering, viz.— 

(i) The watt=1 Joule per sec.=10" ergs per sec. 

(ii) The Kilowatt= 1,000 watts. 

(b) The F.P.S. absolute unit of power is one foot-poundal per 
second . 

The Gravitational unit of power is one foot-pound per second. 

Horse-power.— It is tho British practical unit of power and is 
used in Mechanical Engineering very largely. 

One Horse-Power (H.P.)=33,000 ft-lbs. per min.=550 ft.-lbs. 
per sec. 

In order to find out the working capacity of a horse, James Watt, 

~ fhe inventor of the Steam Engine, carried oub an experiment in which 

a woight of 150 lbs. was lifted from a coal pit by a horse through a 
vertical distance of 220 ft. in one minute. Thus, the work done was 
(150 x 220)= 33,000 ft.-lbs. in one minute=550 ft-lbs. in one second. 


So, James Watt adopted this as a unit of power, which he termed 
ono Horse-power (H.P.). 


139. Conversion of Horse-power into Watts :— 
Since 1 foot-pound = (1'356 x 107) ergs, 550 ft-lbs=(746% 10") ergs. 
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Hence 1 H.P.=550 ft.-lbs. per sec. = 746 x 107 ergs per sec. 
=746 watis; (° I watt=107 ergs per sec.), 
1000 


and I Kilowatt = 746 134 H.P. 


140. Conversion of Kilowatt-hour into Foot-pounds :— 


Since 1 Kilowatt = 1'84 H.P. = (1°34 x 550) ft.-lbs. per sec., 

and Work = Power x Time in seconds. 

we have, 1 Kilowatt-hour = (1°34 x 550) x (60 x 60) ft.-lbs 
=2,653,200 foot-pounds. 


[Remember .—The amount of work done by an average horse is 
only H.P. Thé average amount of work done by an active man is + 
H.P. The power of motor car engines varios from 6 to 30 H.P. ; that 
ofa jeep from 20 to 80 H.P.; those of gas engines from $ to 270, 
ae the power of a large battle cruiser may reach up to 120,000 


141. Distinction between Work and Power :—As power is the 
rate of doing work, if involves a time-unit and its average value is 
measured by the ratio of the work done to the time taken in doing 
the work, if the work is done continuously. 


That is, power= Work, Some examples of power are, 1 H.P. 
=550 ft-lbs. per sec.; 1 watt=107 ergs per sec, ete. Thus from 
the above, Work= Power x Time. 

So ‘watt-hour’ or ‘kilowatt-hour’ which are products of ‘power’ and 

‘time intervals’, are units of work. 

Examples. (1) A man whose weight is 10 stones runs up a flight of stairs 
carrying a load of 10 lbs. to a height of 20 ft. in 10 seconds. Find the mean 
power during this interval. 

10 stones=14x10=140 Ibs. 

Total work done in 10 secs.=(140+10)x20=3000 ft. Ibs. 

3 


.. The work done per 00, = 9000 _ 300 ft-lbs. So, power =200 =0'545 H.P. 


(2) A man weighing 140 lbs. takes his seat in a lift which weighs 2 tons. 
He is taken to the 3rd floor, which is at a height of 75 ft. from the ground 
floor, in 2 minutes. Calculate the work done and the power required in this 
process. [1 ton=2240 Ibs.] (Pat. 1929) 


The total weight of the man and the lift=140+2240x2=4620 Ibs. 

The work done in raising 4620 Ibs. through 75 ft. 

=force x distance= 4620 x 75=846,500 ft.-Ibs. 

The unit of power in the F.P.S. system is one horse-power, which is 
550 ft.-Ibs. per second. ,', Power=rate of doing work. 


346,500 846,500 = p Lg 
="gx60 fH: 1bs. per second=7 59 x650 H.P.=5'25 H.P. 


142. Mechanical Energy :—The capacity of a body for doing 
mechanical work is known as its mechanical energy; itis measured 
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by the total work the body can‘do under the circumstances (position, 
configuration, or motion) in which it is placed. 


Obviously, the unit of energy should be identical with that of 
work. Therefore erg, foot-pound, Joule, etc. which are units of work 
are also units of energy. 


The falling water at Naigra does work in driving the dynamos 
which generate electricity. Hence the elevated water of the falls has 
got energy. The wound spring moves the hands of a watch, and so 
it has energy. Wind has energy, for work is done by it when it drives 
a boat. 

143. Distinction between Energy and Power :—The encrgy of 
a body indicates the total amount of work the body, under the cir- 
cumstances in which it is placed, can doand has no reference to the 
time in which that work is to be done; while power denotes the rate ` 
at which work is done and is irrespective of the total work done. 

144. The two Forms of Mechanical Energy :—Mechanical 
energy may have either of the two forms, potential and kinetic. 

(a) Potential Energy {A body may possess energy by virtue 
of its position or configuration ; such energy is called potential energy ) 
and is measured by the amount of work the body can do in passing 
from its present position or configuration to some standard position 
or configuration, usually called the zero position or configuration. 

(i) Potential energy due to position — 

A lifted weight, likes Pile-Driver, can do workin falling down 
under the force of gravity, to the original position, So it has 
potential energy. Water stored up in eleyated reservoirs in municipal 

- water supply, formations of ice» on a mountain top, are also similar 
‘instances. of potential energy. For bodies raised kbove the surface of 
the earth, the earth’s surface is usually taken as the zero position. 

(ii) Potential energy due to configuration.— 

A coiled spring asin the case of a watch or a gramophone, a bent 
‘or compressed spring, compressed air, etc. have potential energy for, 
in recovering the normal configuration (condition); each one of them 
ean do work, 

Potential Energy of a Raised Body.— Consider a body raised 
above the earth's surface. In this raised position the body has 

- potential energy. © 


Let m=mass of the body ;¢=acceleration due to gravity ; h= 
vertical height through which the body is raised from the ground level. 


The potential energy=work done in raising the body =mg*h= 
mgh. Tf m be taken in pounds and hi in feet, then the potential energy, 


P.E.=mgh ft.-poundals (where g = 82°2) = mh ftpounds. 
If m be taken in grams and h in centimetres, 4 
P.E. = mgh ergs (where g= 981) = mh gm.-cm. 


2i 
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@) Kinetic Energy.—-A body in motion has energy due to its 
motion ; such energy is kno: as kinetic energy and is measured by 
the amount of work the body can perform agaiast external impressed 
forces before its motion is stopped. The bullet fired from a rifle, the 
rotating fly-wheel of an engine, a falling body, a swinging pendulum, 
a cannon ball in motion have all got kinetic energy. 

Kinetic Energy of a Body moving with Velocity v.— Consider a 
body in motion. At the instant of consideration, let the velocity of 
tho body be v. 

Let the mass of the body be m and suppose it is brought to rest 
by a constant force P resisting its motion, which produces in the 
body an acceleration (~f), given by P=mf. 

Let s be the distance traversed by the body before it comes to 
rest. 


We have, 0=0?+2(—f)s [vide Art. 89, eq. (nii); 
-. fs=4v*. Therefore, the K.H. of the body=work done before 
2 
coming to rast=PXs=mfxs=mXfis =m” = me. 


Hence, the kinetic energy of a body moving with a velocity w is 
equal to half the product of the mass and the square of the velocity. 


Note.—If m be taken in pounds and ð in feet per second, the 
kinetic energy, K.E.=3mv?  ft-poundals (1b. X ff.*/sec.* = fb. X 1b. 
X ft./sec.* = ft.-poundals) 

=4mv"/g ft.-pounds, (where g=82'2) 
Tf m be taken in grams and v in ems. per second, 
K.E.=4mv? ergs (gm. x cms*/sec.* = ems. X gm. X ems./see.* 
=oms. Xdynes=ergs)=4mv7/g gm.-ems. (where g= 981). 


145. Potential Energy and the State of Equilibrium :— The 
state of stable equilibrium of a body corresponds to minimum of 
potential energy, because the centre of grayity of a body, when in 
stable equilibrium, occupies the lowest possible position and any 
displacometit tends to raise the position of the centre of gravity and 
thus increases the potential energy of the body. When the potential 
energy of the body is maximum, any displacement will give rise to a 
couple tending to move the body further, and thus, in this position 
the equilibrium of the body is unstable. Again, when the body is 
in the state of neutral equilibrium its potential energy will remain 
constant for any small displacement. 

146. Transformation of Energy and the Principle of Conser- 
vation of Energy :—If a body is at some height above the ground, 
it has got some gravitational potential energy. If it is now allowed 
to fall freely through a distance, it loses an amount of potential energy 
equivalent to the-work done by the weight of the body, but gains an 
equal amount of kinetic energy. Just before the body strikes the” 
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ground, it has only kinetic energy equal to the amount of potential 
energy in the beginning, that is, the potential energy is wholly trans- 
formed into kinetic energy. Again, when a clock is wound 
up, its spring possesses potential energy exactly equal to the 
amount of work done in winding it up. This potential energy, 
which is stored up in the spring, is continually converted into 
kinetic energy of moving the hands of the clock as the spring 
becomes unwound. In the same way the potential energy of the 
compressed spring in a springgun is converted into the kinetic 
energy of the bullet. These are only different cases of Transfor- 
mation of energy, according to which a body may lose mecha- 
nical energy in one form, but gain an equal amount of mechanical 
energy in another form. ‘The above examples only illustrate a funda- 
mental principle in Dynamics, known as the principle of conserva- 
tion of energy, which may be stated as follows :— 


“Ifa body or system of bodies move under a conservative system 
of forces, the sum of its kinetic and potential energies remains 
Constant throughout.” 


Some explanation of what has been called a conservative system 
of forces as stated above is necessary at this stage. In Dynamics, a 
System of forces acting on a body is said to be conservative, if the 
work done by the forces, as the body moves, depends only on the 
‘initial and final positions of the dody but not on any intermediate 
Position, or on the path of motion, or on the velocity or the direction 
of motion of the body at any instant. From this definition it is. clear 
that the gravitational forces and the electrical or magnetic forces are 
all conservative. But, on the other hand, frictional forces are not 
conservative. Thus for a body sliding down a rough inclined plane, 
the sum of potential and kinetic energies is not constant but gradually 
diminishes, which can be mathematically proved. Similar is the case 
_ when two actual bodies collide. What happens then to the energy 
which is lost in such cases of non-conservative forces? This leads 
us to the formulation of the more general form of the Principle of 
Conservation of Energy in Science which may be called the Univer- 
sal Principle of Conservation of Energy and may be stated as 
follows : 


“Energy cannot be created, nor can it be destroyed, but may 
be transformed from one kind into another or into a number of other 
forms. The sum total of energies in this wniverse is constant.” 


This generalised form of the principle enables us to understand 
what happens to the mechanical energy lost in eases of non-con- 
servative forces. The generalised principle states that the mecha- 
nical energy lost is not really destroyed but reappears in some 
other form or forms in equivalent quantity. Thus, the loss of 
mechanical energy in the case of a body sliding down an inclined 
plane or that in case of two bodies making a collision, as already 
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referred to, is really nota loss, for an equivalent energy reappears in 
each case mostly as heat and partly as sound. When a falling body 
touches upon the ground, the mechanical energy is reduced to zero 
but is transformed in equivalent quantity mostly into heat and partly 
into sound. Thus, we find that whatever be the system of forces 
acting on a body, conservative or non-conservative, the total energy 
of the system will be found to remain constant, if we take into ac- 
count all the different forms of energy to which energy is admissible 
namely, mechanical, thermal, magnetic, electrical, acoustical and light 
energies. Sometimes it becomes really difficult to trace out the different 
forms into which energy transforms itself and makes us doubt the vali- 
dity of the principle but when closely examined, it will be found that 
the situation arises not due to any defect in the universal character of 
the principle but due to our inadequate knowledge of the transforma- 
tions. Consider the various transformations of energy in the case of 
an ordinary steam engine connected toa dynamo for the generation of 
electricity. When the coal burns, we get heat energy. The heat 
does work in changing water to steam, which then expands. The 
expanding steam exerts force and causes the piston to moye, and 
thus runs the engine. Thus, the heat energy is transformed into 
mechanical energy, and when the engine drives a dynamo, which 
generates electricity, the mechanical energy is converted into electrical 
energy. This energy can be transmitted by wires and made to do 
useful work such as driving tram cars where electrical energy is 
reconyerted into mechanical energy ; lighting lamps in houses, where 
electrical energy is reconverted into light energy;and in this way 
various other transformations may also take place but whatever are 
the transformations, the guiding principle remains that the total energy 
of the whole system will be constant. 


147. The Principle of Conservation of Energy is obeyed 
by a Swinging Pendulum :—In the undisturbed position the 
pendulum acts like a plumb line and hangs vertically. At this 
position, the centre of gravity of the 
pendulum, which is practically the 
same as the centre of the spherical 
bob, lies at the lowest level which 
may be called its zero or ground level 
as shown by the point B in Fig. 88. 
The vertical position of the pendulum 
is its mean position ; for, when the 
pendulum is made to oscillate by 
drawing it aside and then let go, it 
swings about this position with almost 
equal amplitude on either side of it 
in each oscillation. When it moves to 
one side of the mean position, the Fig. 88—A Swinging 
centre of the bob rises and the bob Pendulum. 
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gains potential energy. When itis at the extreme end position, as 
shown by C or D, its whole energy is potential, there being no kinetic 
energy, for the bob is at rest momentarily there, The yertical 
height BX, through which the bob rises when at the extreme position 
O or D, multiplied by the weight of the bob, gives the potential 
energy gained. 


From the extreme position C or D, when the bob moves towards 
the mean position B, the potential energy is gradually transformed 
into kinetic energy till finally the whole of the potential energy is trans- 
formed into kinetic energy when the bob reaches the mean position B, 
its ground or zero leye!. At this position the whole energy being kine- 
tic, it attains its maximum velocity. At positions intermediate between 

. Band Oor D, the energy of the bob is partly potential and partly 
kinetic. On crossing the mean position by virtue of inertia and acquir- 
ed velocity, when the bob_begins to move to the other side, the kinetic 

energy of the bob gradually reduces ata 
rate in which its potential energy increases 
till fini lly the whole of the kinetic energy 

a is again transformed into potential energy 

We at Cor D. If there had been no friction 
s, 
N, 


X of the air or atthe point of support no 

i \ oe energy would have been lost by the pondu- 
mee are lum and it would oscillate with the same 
bE. aw amplitude, for eyer, once being set into 
fail A ne motion. Thus for an ideal pedulum oscli- 
Fa NA ; lating in vacuum the sum of the potential 
pigi mg and kinetic energies at any instant should 


$ be constant. 


Fig, 89—A Swingi < ak 
F PRLS Mathematical Proof.— Let the position 


i C denote the extreme end position for a 
Pendulum and 0’ any subsequent position while moving towards the 
mean position B (Fig. 89). Draw CK and O'K' perpendiculars on AB. 


o hee pe one, (which is wholly potential) = mg x BE. a 
, P.E=mgx BK, and K£.B= ymv*=4m~ (2g x KK’) = mg * 
= mo x (BEBE), mw? = $m x (2g )=mg 


-. Total energy at O'= P.E. + K.E. 


=(mg x BK)+ mo BK- BE’) 
= mq X BK = energy at start 
=mg * I(1 - cos 4) 

where l= length of the pendulum and 4 = amplitude. 
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148. Total Energy of a Falling Body is Constant :— The: po- 
tential energy of a body of mass m at a height A (Fig. 90) aboye the 
ground=mgh. 


When it falis through a dis- 
tance æ, its potential energy at 
the time=mg (h—«). ee OFF 


Its kinetic energy at that m i 
instant=zmv" (where v is the | Ie 
velocity acquired during this in- | oN 
terval =m x 2g (0 vi=Ign) Amara Aen 
= mga. q 


<. At the instant, potential 

energy +kinetic energy 
= mglh— x) + mgx = mgh = po- 

tential energy in the beginning. 
: Hence, neglecting the effects 
of air resistance, ib is seen that 
the total amount of energy Ground level 
(kinetic + potential) of the body Fig, 90 
remains constant as it falls. When i 
the body strikes the ground, it ìs brought to rest and loses its kinetic 
energy. Then the potential energy is also reduced to zero. The 
energy, however, is not destroyed. It is converted mainly into heat, 
the body and the ground being warmer as the result of the impact ; 
a small part of the energy is also converted into sound energy. 


149. A Particle sliding down a Smooth Inclined Plane obeys 

the Principle of Conservation of Energy throughout its Motion :— 
Consider a particle of mass mi, say, 

which is allowed to slide down a smooth 

A VAs inclined plane AB having an inclination 
É 4 to the ground level BO (Fig. 91). 
$ Suppose the particle starts from rest 
| ata point whose height from the ground 
| level ish. The P.E. at this point is 
} mgh and the K.E. is zero, so that the 
total energy at start =(myh+0)=mgh. 
Let v be the velocity acquired by 
the particle at any instant when the 
particle has slided down through a. dis- 


x 


2 tance x along the inclined plane. The 
Fig. 91—A Body acceleration down the plane is giyen by, 
sliding down an Incline. gcos (90—4)=g sin 4. So, we have, 


v? =2g sin 4 Xg. 


` K.E.=4mv2=mge sin 4. But œ sin «is evidently the yer- 


tical height through which the particle has descended; so its new 


sti ts 
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height above the ground at this position is (h—a sin 4) and therefore, 
its P.E. = mg(h-2 sin 4). 
< K.E. + P.E.=mgz sin 4 +mg(h- æ sin 4) 
=mgh, which is 

independent of æ and is equal to the initial total energy. So the 
total energy remains constant as the particle slides down the inclined 
plane and thus the principle of conservation of energy is obeyed by 
the sliding particle. 


150. A Projectile obeys the Principle of Conservation of 
Energy throughout its Motion 3— Let a particle of mass m be thrown 
from the ground (Fig. 92) with a velocity 
u at an angle « with the horizontal. At 
start its total energy = K.E. + P.E. 

= Emu? +0 = imu?. 
Suppose, v is the velocity of the 
particle at an angle O with the horizontal 
Fig. 92—A Projectile. at the instant when it is at any vertical 
height h above the ground. 


Since the only acceleration acting on the particle is due to gravity, 
i. e. g vertically downwards, its horizontal velocity all along remains 
unchanged, and so, 


v cos O=% cos 4 ued Ao PREN 
_ and considering the motion of the body vertically upwards, we have 
(v sin 6)® = (u sin 4)? - dgh ... fe wa (0) 


Squaring equation (a) and adding it to eaation (b), we have, 
v? =u? — gh. 

E.E. = imo? = ym(u? - Qgh) = mu? - mgh. 

At this position, the vertical height of the particle above the 
ground beingwh, its 

* PE. =mgh. 
+. Total energy=P.E.+K.E. (neglecting air resistance to 
motion, etc.) 
= mgh + (imu? — mgh) 
= mu? = initial energy 
and is the same af all heights. 

151. Perpetual Motion :—The principle of conversation of 
energy, indicates the impossibility of the existence of a “perpetual 
motion” machine, i. e. a machine which once set in motion, will continue 
its motion perpetually without the supply of an equivalent amount 
of energy from outside, Even when no useful work is done by the 
machine, the energy, supplied in the beginning, will be gradually 
used up in oyercoming frictional and other resistances and the 
machine will ultimately come to a stop. 


-r 
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_ 152. The Velocity of the Bob of a Pendulum at its Lowest 
Point :— When the bob of the pendulum, of length? em., is set 
free from its extreme position O, it moves 
in an arc of a circle CBD, B being the 
lowest position (Fig. 93). From 0O draw 
a perpendicular CK on AB. At © the 
bob of the pendulum has potential energy 
mg x BK, which represents the work done 
in raising the bob from B to OQ, i.e. verti- 
cally through BK. When the bob is 
released from the position O, it gradually 
loses its potential energy and gains kinetic Fig. 93 
energy. At the lowest point B, it loses all 
its potential energy mgXBK, and the kinetic energy 4mv*, which it 
gains, is equal to this. 


“. mg. BE=4mv*, where v is the velocity of the bob at B 
or, gAB— AK)=4v? ; or, g(l—1 cos 6)=4v? ; 
or, v?=2gl(1—cos 0); <. v= J2gi(1—cos 0) 


or, v=,/ Qgl x2 sin? 4 =2 Jaixsin$, 


Example. The heavy bob of a simple pendulum is drawn aside so that 
the string makes an angle of 60° with the horizontal and then let go. Find 
the velocity with which the bob passes through its position of rest . (Pat. 1940) 


(Draw the diagram and proceed as explained in the preceding article). 


= (90°—60t=30". vey / agt (1-4); or, v= yzg. 


453. Other Forms of Energy :— As already stated, the 
mechanical energy, which a body possesses may be due to either or 
both ,of the two forms, kinetic and potential. Besides mechanical 
energy there are also other forms of energy, 6g. heat, light, sound, 
electrical ‘magnetic, and chemical energy. al 


\_/154. The Sun is the ultimate Source of all Energy :— Tho 
sun is generally considered to be the ultimate source of all forms of 
energy. We get considerable amount of energy from solar radiation 
in the form of heat, light, ete. For example, the energy of the steam 
engine is derived from coal. Coal again is nothing but wood decom- 
posed and subjected to great pressure of the earth for thousands and 
thousands of years. The energy in the wood is duo to the sun's action 
on trees and plants. When the coal burns, tho stored-up potential 
chemial energy derived from solar radiation is given back as heat 
and light, 


155. Further Examples of Transformation of Energy :— 


i 
| a (1) Mechanical.— 


u? 


g A (a) Kinetic to potential—The bcb of a pendulum moving from 


138 INTERMEDIATE PHYSICS 


the normal position (maximum kinetic energy position) to the extreme 
position of swing. (b) Potential to kinetic—A body falling from a 
raised position to the earth; a pendulum returning from an extreme 
position of swing towards the normal position. (c) Kinetic to heat— 
Heat produced by rubbing two stones; a moving wheel stopped by 
applying brakes. (d@) Kinetic to sound.—Sound produced when a reed 
vibrates. (e) Kinetic to electrical—A dynamo. 
A 


GS Heat.—(a) Heat to mechanical,—Heat engines. (b) Heat 
to light.—White hot ball; filament ina bulb. (c) Heat to sound— 
Singing flame. (d) Heat to electrical—Thermoelectric phenomena. 
(e) Heat to chemical—Water formed by igniting a mixture of 
hydrozen and oxygen. (f) Heat to mechanical.—Molecules in a gas 
produced by heating a liquid. 


(3) Light.— (a) Light to electrical —Photo-electric cell. (b) Light 
fo chemical. —Photography. 


(4) Sound.—(a) Sound to mechanical—Forced vibration and 
resonance. (b) Sound to electrical_—Telephone transmitter. 


(5)Magnetie.— (a) Magnetic to heat—Rapid magnetisation and 
demagnetisation repeated ina specimen of iron. (b) Magnetic to 
~ mechanical.—EHlectromagnet. 


(6) Electrical—(a) Electrical to mechanical.—Electric motors ; 
tram cars. (4) Electrical to heat.—Electric iron; electric furnace. 
(c) Electrical to light.—Electric lamps. (d) Electrical to sound.— 
Calling hell; Telephone, (e) Electrical to chemical—Charging of 
batteries ; electro-plating. (f) Electrical to magnetic—Electromagnet. 


(7) Chemical Energy—(a) Chemical to heat—Burning of a 
fuel—petrol, sine, coal, etc. (b) Chemical to light.—Burning 
magnesium wire; gas lighting. (c) Chemical to electrical.—Voltaic 
cells. (d) Chemical to mechanical.—Explosives, 


156. Different Examples of Work done :— Work is measured 
by the product of the force and the distance through which the point 
of application of the force moves in the direction of the force. 


(i) Work done in raising a load vertically upwards. 


Ifw represents the work done, w=mgh, where m is the mass of 
the load and h the vertical height through which the load is raised. 


(it). Work done im taking a load up along an inclined plane. 


In this case, w=mg sin 4X1, where / is the length of the inclined’ 
plane [vide Art. 149] and 4 the inclinination of the plane to the horizon, 
=mgXl.sint=mgh, where h is the height of the inclined plano. 
Thus the work done in taking the load up the inclined plane is the 
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same as that required to raise the load m vertically through a height 
h. Hence, the work done in raising a body to a height h against 
gravity is independent of the path along which the body is taken and 
depends only on the vertical height. 

(iii) Work required to generate a velocity v in a body originally 
at rest. 

W=PxS, where P is a force which generates an acceleration iy 
in a body of mass m ; and S is the distance traversed by the body in 
time t. i 


Here P=mf; and S=2ft*. 


W=Px S= mfx tft? =4m(f2i?)= Ime", 
where w. is the velocity acquired by the hody after time ¢ starting 
from rest. 


> 
157. Summary of Results :— 
Quantity f Symbol | Quantity Symbol 
: | EE! 
—— 
Displacement | Relation between 
or distance | 8 ‘ distance & speed va =u? +2fs 
Time | i ý Mass ' m 
Velocity | v= z | Force Pemf 
Acceleration faa | Momentum Me=mv 
aay | 
Distance | 4 
(uniform motion) s=vt Kinetic energy K.E. =įm° 
Relation between x 
ast and time v=u+ft Potential energy | P.E. =mgħ 
Relation between . : 
distance & time s=uitife? Work Force x distance 


140 INTEMEDIATE PHYSICS 
Units of Force, Work and Power 


C.G.S. SYSTEM 


SS DSR re sa | E 


Quantity Theoretical unit Practical unit 


Force The Dyne The Gram-weight=981 dynes 
(gravitational unit) 


(i) The Joule=107 ergs. 


Work The Erg 
(ii) The Kilowatt-houwr =36 x 1012 ergs, 
(iii) The Gram-centimetre=981 ergs. 
Power One erg per sec. The Watt=1 Joule per sec. =107 ergs 
(No special name) per sec, 


F.P.S. SYSTEM 


Quantity Theoretical unit | Practical unit 
Force The Poundal The Pownd-weight =82 poundals 
(gravitational unit) 
The Foot- 
“eae d poundal The Foot-pound =32 foot-poundals 
(gravitational unit) 
Power One foot-poundal 
per second The-Horse-Power (H.P.)=550 ft.- 
(No special name) | pounds per sec. 


a j masina 


Di 
Examples, (1) A rifle bullet of mass 14 gms. travelling at the rate of 36,000 
em. per sec. is just able to pierce a blcok of wood 21 cm. thick. Find the average 
force of the bullet while penetrating the wood. 


Let F be the force in dynes ; then FxXs=}mv?, 


mv? _ 14% (36,000)? 
oot Qs 2x21 
(2) A train of mass 100 tons is travelling at 30 miles per hour. Calculate 
the force necessary to bring it to rest (a) in a distance of 120 ft.; (b) in 10 
seconds, 


=432 x 10° dynes. 


(a) Let F be the force applied which produces a negative acceleration f to 
bring the train to rest ; then, 


F= —mf(where m is the mass of the train) ; or f=—F/m. 


We have, v3 =u? +2fs ; < O=u? -27 3 or, Fs=imu’. 
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Here m =100 x 2240=224,000 Ibs. ; w=80 miles per hour=4é4 ft. per sec. 


+, pet? _ 224,000 x 449 
Ti ate 2% 120 


=1,806,933'3 poundals 
=56,466°6 Ibs.-wt. (taking g=32). 
(b) We have, v=u+fi; or. O=n -7 ; or, Fi=mu; 


224,000 x44 985,600 
10 32 
(3) Find the energy stored in a train weighing, 250 tons and travelling at 


the rate of 60 miles per hour. How much energy must be added to the train 
to increase its speed to 65 miles per hour. (C. U. 1925) 


* Fe =985,600 poundals = 


= 80,800 lbs.-wt. (°. g=32). 


Mass =250 tons =250 x 2240 Ibs, 

Velocity =60 miles per hour =88 ft. per sec. 

.’, The kinetic energy of the train =} x (250 x 2240) x88* foot-poundals 
=2,168,820,000 ft.-poundals. 


4 7 65x1760x3 _ 286 
Again, 65 miles per honr= T ae Bt ft. per sec. 


*, The K.E. of the train, when the speed is 65 miles per hour 


i 
=} x (250 x 2,240) x (33°) =2,544,764,444"4 ft, ponndals. 


.'. The energy to be added =2,544,764,444"4 —2,168,320,000 
=376,444,444°4 ft.-poundals. 


(4) If clouds are 1 mile above the earth and rainfall is Hel ath to cover 
I square mile at sea-level, 4 inch deep, how much work was done in raising 
the water to the clouds. (C. U. 1920; G. U. 1950). 


Jf 'w lbs, be the mass of rain water, and h ft. the height of the clouds 
above the surface of the earth, the work done in raising w lbs. of water 
through A ft. 

=w xh foot-pounds. Here h=1760X3=5280 ft. t 


The volume of rain water=1 square mile xj in. =(5280)* x ; 


The mass of 1 cubic foot of water =62°5 lbs, 

.'. Mass of rain water =(5280)* x 1/24 x 62°5 Ibs. 

‘Phe work done=(5280)* x 2 x 225 x (5280) =(5280)* x-1 x 128 
24 2 24 2 


=898"328 x 10$ foot-pounds. 


Questions 


1, Show that if a piston is moved along a cylinder against a constant 
pressure, the work done in a stroke is equal to the product of the pressure 
into the volume swept out by the piston, Explain clearly the units in which 
the work will be given by this calculation. (Pat. 1921; C. U. 1941). 

[Pressure=force on unit area]. 
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Work done=force x distance=(pressure x area) x distance through which the 
piston moves=pressurex volume swept out. The work is expressed in ergs, if 
pressure is measured in dynes per sq. cm. and volume in c.c.) 

2. What is the work done when a weight of 500 kilograms falls through a 
height of 50 metres and is then stopped? Assume the normal value of gravity. 

[Ans. 24,525 105 ergs.] (Dac. 1933) 

3. How much power is required to pump water at the rate of 90 litres per 
minute to a height of 20 metres ? 


[Ans. 294 watts.] 

4, Water is pumped up from a well through a height of 30 feet by means 
of a 5 horse-power motor. If the efficiency of the pump is 85%, find in gallons 
the quantity of water pumped up per minute. (1 gallon of water weighs 
10 Ibs.).. (G. U. 1952; C. U. 1954) 


* [Ans. 467:5 gallons, approx.]. 

< 5. An engine is employed to pump 6,000 gallons of water per minute from a 
Well through an average height of 21 feet. Find the horse-power of the engine, 
if 459% of the power is wasted. 


[Ans. 69°42.) 

6. What is the potential energy of the water which fills a cubical tank of 
ach’ side 10 ft. and whose base is 20 ft. above the ground ? 

[Ans, 1:56 108 ft.-Ib.} 

7. A railway train is going up-hill with a constant velocity, What is the 
source from which the energy of the train is supplied ? 

Describe the various transformation of energy that go in this case. 

(C. U. 1915) 


[Bints.—The energy of the train is derived primarily from the burning 
_ Coal. This is utilised Yn running the train against friction and air resistance, 
» and also in raising the train up-hill against the force of gravity and thus work 
iş done. The energy of the coal is derived from the sun. $ò the sun is the 
ultimate sourc® of supply of energy.] 

6. A solid mass of 100 gms. is allowed to drop from a height of 10 metres. 
‘Calculate the amount of kinetic energy gained by the body, g being 980 cms. 
per sec.?, (Dac. 1930). 
= [Ans. 98x106 ergs.) j 
9. A shot travelling at the rate of 200 metres per second is just able to 


pierce a plank «2 inches thick. What velocity is required to pierce a plank 
6 inches thick?  * (Pat. 1941) 


[dns. 200 J3 metres per sec.] 


10. A mass of 10 Ibs. falls 10 ft. from test and is then brought to rest 
by penetrating 1 ft. into sand ; find the average thrust of the sand on it. is 
[Ans. 110 Ibs.-wt.] (Utkal, 1950) 
11. Distinguish between pound, poundal, and pound-weight. 
Prove that in the case of a body falling freely under gravity, the sum of 
the potential and kinetic energies is constant. 
(Pat, 1925, '36, °49; C. U. 1932, "41) 
12. Explain the meaning of the ‘Principle of Conservation of Energy’. 
Show that this principle is applicable at every stage of the journey of a patticle 
Aalling freely under gravity from.a height till it reaches the ground. (C. U. 1957) 
= 13. A bullet weighing 1 oz. is dropped from the top of a tower 60 ft. high 
and is brought to rest by penetrating 5 ft. into mud. Find the average thrust 
of the mud. j (Pat. 1949) 
[Ans. 26 Poundals.] 
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14. A pendulum consisting of a ten-gram bob at the end of a string thirty 
centimetres long oscillates through a semi-circle; find its velocity and kinetic 
energy when it passes its lowest point. Specify the units in which your answer $ 
is given. (Pat. 1985) w 
[Hints,—At the starting point the bob has got only potential energy=mgh. 


Me 


At the lowest point the energy is all kinetic ( } mo") which is egual to 3 
BS 


mgh=(10x981 x80) ergs. Hence find v.] $ 
[Ans. v=242:61 cm, per sec. ; K.E.=294, 300 ergs.] a 
15. A body falls under gravity and strikes the ground. Explain how the 
phenomenon supplies an illustration of the transformation of energy. Does it 
also illustrate the principle of conservation of energy ? Ma 
(C: U. 1917, '36, '54; Pat, 1981) 
16. What are the practical units of power in the F.P.S. and C.G.S. systems ? 
Write out the relations between these units. (C. U. 1956). 
17. A steel ball of 100 gm. drops through a height of 10 metres. What is of 
its velocity when it reaches the ground? (g=980 cm. per sec.%). (C. U. 1950), < 
[Ans. 1,400 cm. per sec.] q 
k, 
y 


FRICTION 


158. Friction :—No solid surface is perfectly smooth. In other 
words, all solid surfaces are rough more or less. $o when two « 
continuous solid surfaces (which are dry) are in contact and any 
attempt is made to move either over the surface of the other, it is 
always attended with a resistance which tends to oppose the motion. 
Such resistance to motion is called friction. 

: Friction arises on account of the adhesion, i.e. the mutual forces 
of attraction bebween the molecules of the two contacting surfaces, 
and the interlocking of the irregularities present on the contacting 
surfaces. 

Friction can be thought of as equivalent to a force acting along 
the plane of contact between two surfaces opposite in direction to — 


N 


CHAPTER VII ‘ 


~@ a. a2 few 


N - 
Fig. 94 


any force attempting to produce a relative motion between the two 
surfaces. This will explain why a force is necessary to drag a 
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book along a table, a rectangular box along the ground, and so on. 
Consider next a moro general case when two planes are pressed 
together by normal forces N (Fig. 94). To overcome friction and 
to cause sliding between the two surfaces, a certain force P (its value 
depending on the value of N and the nature and condition of the 
two surfaces), acting along the common plane of contact, will be 
required. F 


Friction is perverse.—That is, it always opposes motion irres- 
pective of the direction in which the motion may take place. In 
Fig. 95(a) avery closely fitting piston 


RSS RSs working in a cylinder of an engine is 
N Ñ N N shown moving outwards under a force P, 
Š N N P N while in (b) it is moving inwards at the 
Neston N N return stroke. In either case the motion 
N f fN Ñ N of the piston will be opposed by frictional 
N N N 8 forces f operating along its surfaces of 
N X N N contact. 

N N N N Friction may be divided into the fol- 
N N N N lowing categories :— 

(a) Statio and kinetic friction, 
o, (0) (b) Rolling friction, 
Fig. 95 (c) Fluid friction. 


158(a). (i) Static friction and its limiting value :—Frictio- 
nal force is self-adjusting but it can exert itself only up to a limited 
maximum value. As the force attempting to drag a surfaco over another 


~ is gradually increased from zero, the frictional force opposing it also 


increases equivalently. The two contacting surfaces remain in static 
equilibrium up to a maximum value of the applied force. That is, 
up to this stage the frictional force which acts in opposition is equal 
to the applied force. When the applied force just exceeds this 
maximum yalue, the body on which the force is applied begins to 
slide, This maximum value of the applied force is a measure of 
the limiting value of static friction between the two surfaces, and is 
called the force of limiting friction—often also called the force of 


friction F. 


Gi) Kinetic or sliding friction.—It js found that the force, F, 
necessary to start sliding of one surface on another is greater than 
that necessary to maintain sliding. That is, the force of sliding or 
kinetic friction is less than that of limiting friction. 


N.B. Tt must be remembered that if two surfaces are separated 
by a film of liquid, such as a lubricant, the nature of the friction is 
altogether changed. 


(b) Rolling Friction.— This is also a kind of kinetic friction and 
occurs between two solid surfaces in contact but one of them 
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rolling or tending to roll on the other, as inthe case of a marble 
rolling on the floor, a football rolling on the turf, a rope passing 
over a rolling pulley, etc. It is a common experience that the force 
required to drag a rectangular box along the ground is much greater 
than that required to move it on rollers. This means that rolling 
friction is much smaller than sliding friction. That is the reason 
why vehicles are mounted on wheels instead of on runners, and 
ball bearings are used instead of sleeve bearings. Thore area 
number of different types of ball and roller bearings known collec- 
tively as anti-friction bearings. Basically, all these consist of the 
rolling elements (balls or rollers), the race rings on which are provided 
tracks for the rolling elements and in the majority of cases a 
separator for the rolling elements known as the cage. 


Sleeve and Ball-bearings—Fig. 96(a) illustrates a sleeve type of 
bearing where it will be seen that the rotating amle slides on the 


(a) Sleeve-bearing. (b) Ball-bearing. 
Fig. 96 


bottom of the™sleeve at low speeds. It, however, tries to climb up 
the side of the sleeve at increased speeds. 


Fig. 96(b) illustrates a ball type of bearing where if will bə seen 
that the axle rotates on the balls without sliding. The groove, in 
which the balls themselves roll on account of reaction, is called 
the ‘race’. 


(c) Fluid Friction.— Friction occurs when a liquid or gas is made 
to pass around a stationary body or the body made to move in 
a liquid or gas, i.e. it manifests itself when there is relative motion 
between the two. Tt arises in the propulsion of a ship through water 
or automobiles, trains and aeroplanes through the air and so on. 
For more elaborate considerations ‘of air-friction, read Chapter II, 
Aeronautics (Appendix A). Take the case of a rain-drop falling 
through air. Its speed depends upon its size and not upon its height 
above the ground (vide Art. 112). Starting with zero velocity, the 
velocity increases as the drop descends until the retarding force of 
friction equals the downward pull of gravity. When this condition 
of equilibrium is reached, the body falls with a steady velocity, called 
its terminal velocity. For small particles like fog drops, this 
terminal velocity is low and the airflow around them is laminar; 


Vol, I—10 
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when, however, the particles are large, the terminal velocity may 
exceed the critical velocity and turbulent flow sets in around a 
moving body, which then determines the frictional resistance mostly. 
The considerations are important for aeroplanes which move in the 
air and the ships in the water. 


159. The Role of Friction :—Friction is useful in many ways, 
though it is also wasteful in other ways. 


Usefulness of Friction.—Friction is important in our daily life, 
If there were no friction, walking would have been impossible, nails 
and screws would not remain in the wood, fibres of a rope would not 
hold together, a ladder would not rest on the ground, locomotive 
engines would not draw a train on the rails, and soon. In designing 
automobiles and their parts, steps are taken to increase friction whore 
itis needed. Brake linings in automobiles require special materials 
and tires aro given special thread designs for purposes of increasing 
the friction consistent with minimum wear and tear. 


Wastefulness of Friction.—Friction is ordinarily looked upon as 
an evil. It is inevitably present, to an extent large or small 
whenever there is motion of one body relative to another in contact. 
The effect of friction is to reduce the relative motion to certain 
extents and, to that extent, there is loss of mechanical energy of the 
moving member. So, in designing engines and all other moving 
machineries, precautions are taken to reduce friction in the bearings 
tothe minimum. Ball and roller-bearings entail much lesser friction 
than sleeve-boarings and that is why these bearings are rapidly 

= replacing the latter type in modern machineries. Lubrication of the 
surfaces in contact further decreases the frictional wastage of energy, 
as also the wear and tear. 


160. Limiting Friction :—Let a rectangular block of wood, D 
rest on a horizontal table BC (Fig. 97). The force acting on the 
block are its weight W, acting 
vertically downwards, and the 
reaction R of the table acting 
normally upwards at the surface 
of contact. In this case R is 
equal and opposite to W, there 
being no motion in the vertical 
direction. Now, suppose a small 
force P is applied to the block 
parallel to the surface BO. If 
the body is still at rest, an equal 
force F opposite in direction to 
P, must have been called into 
play to oppose motion on account 
s of friction arising from contact 

IKAST between the two bodies. As the 
applied foree P is gradually increased, the opposing force of friction 
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F which is a self-adjusting one, also increases at the same rate until 
a certain maximum value is reached. Ifthe applied force be increased 
beyond this value, the block begins to move. The magnitude of this 
maximum force, when the block is just on the point of sliding is a 
measure of what is called the force of limiting friction. 


When the block has once started to move, a smaller force would 
be sufficient to keep the block moving with a constant velocity ; this 
smaller force is called Kinetic friction or Dynamic friction. Tho 
Same considerations also apply to rolling friction. But it should be 
remembered that rolling friction is even less than kinetic friction. 


161. The Laws of Limiting Friction :—The following gener- 
alisations, known as the laws of friction, are due to A. T. Morin, a 
Frenchman, though some of these facts were previously established 
by A. Coulomb, another Frenchman who published the results of a 
large number of experiments on the subject in 1781. 


(i) Friction always opposes motion. 


(ii) The force of friction is proportional to the normal reaction 
between the two surfaces in contact. 


(iii) It is independent of the extent of the areas of the surfaces 
in contact, but depends on the material, nature ond condition of the 
surfaces in contact. 


162 The Co-efficient of Friction :—If the normal reaction 
acting across two solid surfaces in contact be equal to R, and F 
denotes the force of limiting friction, the ratio, F/R is found to bea 
constant and is called the co-efficient of static friction or limiting 
friction and more universally as co-efficient of friction and is 


generally denoted by ¥#, ie. an. For any pair of surfaces in con- 
tact, the co-efficient x is always less than unity. 


163. The Angle of Friction :—In the case of limiting friction 
if the normal reaction and the frictional forces be compounded into a 
single force, which is sometimes referred to as resultant or total 
reaction, the angle, which this resultant makes with the normal 
reaction, is called the angle of friction. 


Consider a small block D resting upon a horizontal plane surface 
and acted upon bya forco P making an angle x with the vertical 
(Fig. 98, a) [P may be considered as the resultant of some applied 
force and the force of gravity on the block D]. As long as equili- 
brium exists, the reaction of the supporting surface is equivalent to 
a reactive force R which will be equal, opposite and collinear with the 
force P. R may be replaced by its two components, F and N, acting 
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tangentially and normally, respectively, to the surface of contact. 
The component F will represent the friction between the surfaces 


i P 


Fig. 98 


and the component N, the normal pressure so that na tan 4, for equi- 
librium. Suppose the sliding of the block impends when the force 


P makes an angle ? with the vertical (Fig. 98b), then x= tan ?...(1). 


‘Again, from the condition of sliding to begin, = ae a (2) 


(where #=co-elf. of friction, or limiting friction.) 
From (1) and (2), tan p= ... Sy ae Sg) 


The limiting angle ¢ whose tangent, is equal to the co-eff. of 
friction is the angle of friction or angle of static friction. 

[Note.— The aboye furnishes the idea of how friction affects the 
reaction exerted by a supporting surface acted on by a force. When 
motion impends, the total reaction R exerted by the supporting 
surface is inclined to the normal by the angle of static friction ¢ and 
acts so as to oppose the motion. 

When motion is not impending, the total reaction R inclines to 
the normal by whatever angle is necessary to maintain equilibrium. 
For an ideal surface (u=0), $ is also zero, i.e. the total reaction is 
normal to the supporting surface.] 

164. Cone of Static Friction :—In the preceding considerations 
the forco P (Fig. 98) was supposed to be in plane of the figure. We 
can, however, generalise it and say that if the force P remains con- 
fined within a cone generated by a line making the angle of static 
friction ¢ with the normal to the supporting surface, the block D 
will continue to be in equilibrium whatever is the magnitude of the 
force P. This cone is called the cone of static friction. 
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165. Determination of Co-efficient of Friction : 


(i) Horizontal Plane Method.—P\ace on a horizontal wooden 
table a rectangular block of 
wood [Fig. 99] to act as a 
slider. The contacting sur- 
faces of both these pieces of 
wood should be as smooth as 
possible. The slider is attached 
to a light string which is 
passed over a light pulley 
fixed at the end of the table. 
A scale pan is attached to the 
end of the string passing 
over the pulley. The pulley 
should be so fixed that the 
position of the string above 
the table should be horizontal. Fig. 99 


Weigh the slider and put a known weight on it. Now put weights 
on the scale pan until the slider is just on the point of motion. Near 
about the slipping point, gently tap the table to ascertain the 
required weight to be placed on the scale pan. If W bo the total 
weight of the slider and the weight placed on it, and W' the total 
weight of the scale pan including the weight w placed on it, the 
value of the limiting friction= W’, and that of the normal reaction 
=W. Sowe have, #= W/W. 


Repeat the experiment several times with different weights on 
the slider and again on reversing the block. 


The ratio W'/W for each set of experiment will be approximately 
the same. The mean value of the ratio is the value of #. 


(ii) Inclined Plane Method.—Place a rectangular slab of 
i wool D on an inclined plane AB 
(Fig. 99(a)] and gradually inerease the 
inclination of the plane to 06, until D 
just begins to slide down the plane. 
Ascertain this by gentle tapping as in 
the last method. When this is the case, 
the friction F (=/ R) acts up the plane 
and balances the component (= W sin 0) 
of the weight acting down the plane. 
The normal reaction R acts at right 
angles to the plane, AB. Resolving W 
Fig. 99(a) in directions perpendicular and parallel 

to the plane, we have, W cos 9= R, and W sin 0= F. 
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F_Wesin 6_ Fe 
Hence RW cos 0 tan 0. But R B, 


^ Hetan 0; or, the co-efficient of friction is simply the tangent 


of the angle at which sliding begins. Again tan 0= helene of the plane 


= 30. Hence, the co-efficient of friction is obtained by taking the 
height of the plane and dividing it by the base. 


Repeat the experiment several times and calculate the mean 
value of #. 


166. The Angle of Repose :— In the case of an inclined plane 
the angle of incline 6, which the plane AB [Fig. 99(a)] makes with 
the horizontal AC when a body D on it just begins to slide down, is 
called the angle of repose. It is proved above that the tangent of 
this angle is equal to the co-efficient of limiting friction. It is also 
equal to the angle of friction. 


If the inclination of the inclined plane AB is greater than the 
angle of repose, the force component down the inclined plane is 
greater than that required to overcome the friction F and the 
difference between them produces an acceleration. 


167. Co-efficients of Friction (x) :— 
Oo SS reac le aed ee ga 


Static Friction | Rolling Friction 
Wood on wood... 0'3 to 0'5 | Rubber tyres on Concrete ... 0°08 
Motalon metal ... 0°8 (average) | Ball-bearing on Steel +. 07002 
Metal on wood’ 0'2 to 0'6 | Cast Iron on Rails +» 0°004 
Leather on wood... 0'3 to 0'5 | Roller bearings ... 0°002 to 
Leather on metal... 0'8 0'6 | 0°007 
Greased surfaces ... 0" 


05 | 
oao u O H E 


168. Laws of Kinetic (or Sliding) Friction :— 


(1) The frictional force is proportional to the normal reaction 
between the two rubbing surfaces. [The force necessary to maintain 
sliding is less than limiting friction, i. e., the frictional force here is 
less than limiting friction. 


(2) The frictional force is independent of the area of contact 
between the two surfaces, but depends on the material, nature and 
condition of the surfaces. 


(8) The frictional force is independent of the velocity of sliding, 
provided the velocity is low. 
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169. Co-efficient of Kinetic (or Sliding) Friction :— 


If the normal reaction between a sliding body and the supporting 
surfaco be R, and Fe denotes the force (less than limiting friction) 
necessary to maintain a low steady velocity of sliding, once it has 
been started, then the ratio, Fz /R, is a constant for. the given two 
surfaces and is known as the co-efficient ( ux ) of kinetic (or sliding) 
friction. That is, we = Fe /R. t 


Ty 

The effect of kinetic friction on a body is to oppose the motion 
of the body with a constant force, u R. If the sliding body be 
of mass m and moving under a constant applied force P, the 
acceleration of the body=(P—ms R)/m. If surfaces are smooth 
(ua =0), acceleration = P/m. 


THE MACHINES 


170. The Machines :—A machine is a contrivance by which a 
force applied at some point of it is overcome by means of another 
force applied at some other point of it with alteration in direction or 
magnitude or both. It is used to be the practice to call the former 
force the weight and the latter force the power. But as the force to 
be overcome is not necessarily that of gravity, it is better practice to 
name it the resistance (or load) and since the term power is used in 
connection with rate of work, it will be better to use the term effort 
in referring to the driving force in a machine. The points at which 
the effort and the resistance act are usually termed the driving point 
and the working point respectively. 


load 
effort 


171(a). Mechanical Advantage.— The ratio, , is called 
the mechanical advantage of a machine. The term force-ratio is somo- 
times used instead of mechanical advantage. Ordi- 
narily, a machine is so constructed that the machani- 
cal advantage is greater than one. Ifin a machine, 
this ratio is less than one, it would be more accurate 
to call it mechanical disadvantage. 


(b) Velocity Ratio.— 
displacement of driving point 
displacement of working point ’ 
called the velocity ratio of a machine. In some 
machines it is a constant, while in some others it 
is not. 

Thus, ina simple wheel and axle (Fig. 100) the Fig. 100—A Simple 
displacement, say a, of the effort Æ will bear a Wheel and Axle, 
constant ratio to the displacement, say b, of the load W. 


The ratio, 


That is, its velocity ratio= 
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In a toggle joint [Fig. 100(a)] the ratio of the displacement of 
the effort Æ to that of the load W will be different for different 
Positions of the moving parts of the machine. In such a machine 
in which the ratio is variable, the velocity ratio for any given 
Positions of its parts is the ratio of the displacement of the driving 
point to the displacement of the working point, 
when these displacements are indefinitely small. 


172. Efficiency of a Machine :— In all 
machines some work is always wasted in overcoming 
friction. The result of it is that the work done by 
the effort in a given time, called total work or work 
input (=E Xa) is always greater than the work 
done on the resistance or load (=W Xb), called— 
useful work or work output. The difference of the 
latter from the former=lost work=(Ha— Wb). 

The Efficiency is defined as the ratio, useful 
z work/total work. Tfficiency evidently will always 
Fig. 100(a)— be less than unity. Often it is expressed as a per- 
A Toggle Joint. centage by multiplying with 100. 


173. Mechanical Advantage =Efficiency x Velocity Ratio :— 


Let Æ be the effort and W the load. The mechanical advantage= x $ 


Spppose the displacement of the driving point is a and that of 
the working point is b. 


TAA Biotehcy = useful work Wx _W/E_ Mech. advantage , 


total work EXa alb Velocity ratio 


or Mechanical advantage =efficiency x velocity ratio : 


174. The Principle of Work :— In any actual machine, the 
useful work obtained in overcoming the resistance is always less than 
the total work done by the effort. This is because (i) work has to be 
done in lifting its parts which have weight, and (ii) because there is 
always some internal friction which has to be overcome. A perfect or 
ideal machine is one which has no weight and no internal friction. 
For it the useful work is equal to the total work and the efficiency of 
the machine is unity. So the principle of work, [viz. whatever be 
the machine, provided there is no friction and that the weight of the 
machine is neglected, the work done by the effort is always equivalent 
to the work done against the load (that is, EXa=Wxbl, is a uni- 
versal principle relating toa machine. It is no new principle but is the 
same principle known as the principle of conservation of energy. 


175. What is gained in Power is lost in Speed.— From the 
principle of work, HXa=Wxb, assuming the machine to be an ideal 
one. If ina machine the effort Æ is less than the resistance W, the 
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distance a through which the driving point moves will be greater in 
the same proportion than the distance b through which the working 
Point moves in the same time. This is, in popular language, expressed 
as, “What is gained in power (effort) is lost in speed.’’ The meaning 
of the statement is that whenever mechanical advantage is gained it 
is gained at a proportionate decrease of speed. 

There is never any gain of work ina machine, though mechanical 
advantage is generally arranged for. 


176. The uses of a Machine :— 


(1) This enables one to lift weights or overcome resistances 
much greater than one could do unaided, as in the caso of a pulley- 
system, a wheel and axle, a crow-bar, a simple screw-jack, etc. | 

(2) This enables one to convert a slow motion at some point into 
a more rapid motion at some other desired point, viz. a bicycle, a 
sewing machine, ete. An opposite effect may also be arranged in 
practice when necessary. Such changes of speed are brought about 
by belting, gearing, ete. 

(3) This enables one to use a force acting at a point to be applied 
at a more convenient point, as in the use of a poker for stirring up a 
fire, or to use a force acting at a point in a more convenient manner, 
ega lifting of a mortar-bucket to the top floor by means of a rope 
passing over a pulley fixed at the top of the building, the other end of 
the rope being pulled down by an agent remaining on the ground. 

(4) This enables one to convert a rotatory motion into a linear 
motion or vice versa, as in the case of a rack and pinion, etc. 

(5) This enables one to convert a reciprocating (to-and-fro) 
motion into a rotatory motion or vice versa, 6g., a crank used in the 
heat engine. 


177. Types of simple Machines :— 


The following six simple machines represent the types of principles 
used in making practical machines :— 

(1) Pulley, (2) Inclined plane, (3) Lever, (4) Wheel and axle, 
(5) Screw, and (6) Wedge. 

178. The Puiley:—A pulley is a simple machine which 
consists of a grooved wheel, called the sheave (or pulley wheel), over 
which a string can pass. The wheel is capable of turn- 
ing freely about an axle passing through its centre. 
The axle is fixed to a framework, called the block. The 
pulley is termed fixed or movable according as its 
block is fixed or movable. 

(1) The Single Fixed Pulley.—In this (Fig. 
101) the load Wis attached to one end of the string 
and the effort Æ is at the other end. With a perfectly 
smooth pulley anda weightless string, the tension of 
the string will be the same throughout. Hence, the 
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distance through which the load is raised, is equal to the distance 
through which the effort descends. For equilibrium, the moments of 
E and W about O, the centre of the wheel, must be equal and oppo- 
site; or, Hx AO=WxOB, but 4AO=OB, being radii. Hence E= W. 


-. The mechanical advantage = W/E = 1. 


In practice, pulleys are not perfectly frictionless, and W is always 
less than Æ, that is, the mechanical advantage is always less than 1, 
but in spite of this, the arrangement is useful as the operator can use 
the weight of his body for raising the load. Itis generally used for 
raising weights, drawing curtains, pulling punkhas, etc. 


(2) The Movable Pulley.— Hero, one end of the string passes 
round the pulley A and is attached to a fixed support (Fig. 102) and 
the effort Æ is appied at the other end. The load W 

to be raised is attached to the movable pulley. For a 

frictionless pulley the tension of the string is the 

same at any point of it and is equal to Æ. When the 

B strings are vertical, the total upward force is 24 and 
neglecting the weight of the pulley, the downward 

E force is W. So, for equilibrium, W=2H. So the 
mechanical advantage= W/H=2, i.e„ a given effort 


= can raise twice its weight. 


Fig. 102 If the weight of the pulley is w and cannot be 
neglected, we have W+w=2H; or the mechanical 
advantage = W/E = 2 - w/E. 


When the direction of the force Æ is to be changed, another fixed 
pulley (B in Fig. 102) should be used, which does not, in any way, 
affect the mechanical advantage. 


(3) Combination of Pulleys.— A combination of pulleys is 
very often used in order to secure a mechanical advantage greater than 
two. Different systems having different mechanical advantages are 
used for different purposes, but the most important combination which 
is in general use, is given here. 


Pulley Block.—This system (often known as the 2nd System 
of Pulleys) consists of two blocks, each containing 2 or 3 pulleys, 
the upper one being fixed to a support and the lower one movable 
to which the load W is attached (Fig. 103). The string is attached 
to the upper, or to the lower block, and is then passed round a 
movable anda fixed pulley in turn, finally passing over a fixed 
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pulley, the effort Æ being applied at the free end. It should be noted 
that when the string is attached to the upper block, 
the number of wheels in the two blocks must be the 
same, but when it is attached to the lower block, the 
number of wheels in it will be one less than that in 
the upper one. 


Then tension everywhere round the string is the 
same and is equal to the effort Æ, the pulleys being 
assumed frictionless. If the number of portions of the 
string in the lower block be n, the total upward force 
on it ismH and this must be equal to the load W 
supported. Thus, we have, nH = W + w, when w is the 
weight of the lower block, 


Hence the mechanical advantage = Ban = Fi 


179. The Inclined Plane :—It is also asim- 
ple machine and has been in use in India too from 
very ancient times. In building temples of great height, 
heavy stones and other materials were used to be 
raised by the ancient Indians utilising the principle Fig. 103 
of this machine. 


An inclined plane is a smooth rigid flat surface inclined at 
an angle to the horizontal. It is used to facilitate the raising 
of a heavy body to a certain height by the application of a force 
(or effort) which is less than the weight of the body. 


Let AB be a plane inclined at an angle 0 to the horizontal line 
AO, and BO the height of the plane [Fig. 99(a)]. 

The body D is acted upon by three forces, (i) W, its weight acting 
vertically downwards along DE (ii) F, the force or effort, and (iii) R, 
the reaction of the plane. Let the normal at D to the inclined plane 
meet AC in P. Then 4PDH=90°- LADE= LA~0. 


Case I—Let the force F act upwards along the plane [vide 
Fig. 99(a)]. 

In order that the body may be in equilibrium, the sum of the re- 
solved parts of the forces parallel and perpendicular to the plane AB 
are separately equal to zero. Resolving W parallel and perpendicular 
to AB, we have W sin @ along DA and W cos @ perp. to DA. 


Hence, W sin 9-F=-0:; Woos9-R=0; 
F=Wsin@; R=W cos 0. 


h 
The mechanical advantage, u = a = oe of the plane. 


When 6 = 80°, the mechanical advantage =1+ 4-2, that is, a body 
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of weight W can be supported by a force, I= W/2 acting up the 
Ra plane. $ 

8 Case II.— Let the force F act 
horizontally, 7. e., parallel to the base 
AC [Fig. 104]. 


The vertical and horizontal com- 


A ponents of R are R cos 0 along ED 
and R sin @ along FD. 
Fig. 104 R cos 0=W; and R sin 6=F. 
i W_R cos 6 _ = base _ 
The mechanical advantage, F-Rsno 7° 0 = height of the 


plane. 


180. The Lever :—The knowledge of the principle of the lever 
is as old as Archimedes. A ləver isasimple machine and consists of 
a rigid bar (straight or bent) having one point fixed about which the 
rest of the lever can turn. This fixed point is called the fulerum. 
The forces exerted on or by the lever may be parallel or inclined to 
one another. Asin all machines the driving force is called the effort 
{or power), and the working force, the weight (or resistance or load) 
and let them be denoted by Æ and W respectively. The perpendi- 
cular distances between the fulcrum and the lines of action of the 
effort and the weight are called the arms of the lever. The ratio of 
the arm ‘a’ of the effort to the arm ‘b’ of the weight, in the position 
of equilibrium, is often called the leverage, i.e., leverage =a/b. The 


weight _ W, 
effort E 


The principle of the lever is practically the principle of moments 
which may be stated as, “If a lever is in equilibrium, the sum of the 
moments tending to turn it clockwise round any point is equal to the 
sum of the moments tending to turn RF 
it anti-clockwise roumd that point. N k— akt B 

So for a lever, if it be in equili- 
brium, clockwise moment round the ful- 
crum = contra-clockwise moment round 
the same point. 


Experiment.— Lot a metre-stick AB 
balance on the sharp edge ofa wedge- 
shaped piece of wood (Fig, 105) and let 
a load W say, 200 gms., be suspended 
by a string from a point 20 ems. from 
the fulerum F. Now find, by experi- 
ment, 2 point on the other side of F 
such that an effort Æ, say, weight of 


mechanical advantage = 


Fig. 105 ` 
100 gms. applied at the point, will just support the load W. This 
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point will be found to be at 40 cms. from the fulcrum. It is seen 
at once that the product of (200X20) is equal to the product of 
(100 x 40). If instead of an effort of 100 gms,. an effort of 400 gms. 
is taken, the point of balance will be found now at 10 cms. from the 
fulcrum. Again it is seen that the product of (200 x 20) is equal to the 
product of (400x10). The driving moment in this example, t.e., the 
moment of Æ about F is anti-clockwise and the working moment, t.6. 
the moment of W about F is clockwise. 


180(a). The Straight Levers :— When the lever is straight, and 
the effort and the weight act perpendicularly to the lever, the follow- 
ing three distinct classes of levers are found in practice. 


EA R 


Fig. 106 


(I) EX AF= Wx BF, (II) Ex AF=WXBF, (III) EXAF=WXBF. 


-BE : BE. ; 22E 3 
or, E Ir. or, E Tes or, E AR xW; 
(I) Rr (reaction at (II) Rr =W-E. (III) Rr = E-W. 


fulcrum = H+ W). 
Fividently, in class I and II type of levers, if F be taken very 


near to W, the ratio 25 can be made very small, i.¢., a small effort 


E can be used to overcome a large resistance W, io. there is 
mechanical advantage in these cases. In class III type of levers, a 
large effort Æ overcomes a small resistance W, which shows a mecha- 
nical disadvantage. This arrangement gives W a large movement for 
a small movement of the effort H, a fact which is just opposite to 
what happens in the other two types of levers. The practical use Of 
Glass IIL type of levers lies often in convenience ; for, in practice, it 
may not always be possible to find a conyenient point to apply the 
effort relatively at greater distance referred to the fulerum than that 


of the load. 


181. Common Application of the Principle of Levers :— 
The lever principles, as described above, are used in our daily life ia 
various ways. Levers may be simple or double. Three common 
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of weight W can be supported by a force, #'=W/2 acting up the 
plane. ` 

Case Ii.—Let the force F act 
horizontally, 7. e., parallel to the base 
AG [Fig. 104]. 

The vertical and horizontal com- 
ponents of R are R cos 0 along HD 
and R sin 0 along FD. 


R cos 0= W ; and R sin 0 =F. 


W_R cos 6 _ __base | 


The mechanical advantage, =p sino C? ~ height he 


plane. 


180. The Lever :—The knowledge of the principle of the lever 
is as old as Archimedes. A ləver isa simple machine and consists of 
a rigid bar (straight or bent) having one point fixed about which the 
rest of the lever can turn. This fixed point is called the fulerum. 
The forces exerted on or by the lever may be parallel or inclined to 
one another. As in all machines the driving force is called the effort 
{or power), and the working force, the weight (or resistance or load) 
and let them be denoted by Æ and W respectively. The perpendi- 
cular distances between the fulcrum and the lines of action of the 
effort and the weight are called the arms of the lever. The ratio of 
the arm ‘a’ of the effort to the arm ‘b’ of the weight, in the position 
of equilibrium, is often called the leverage, i. e., leverage=a/b. The 


weight _ W, 
effort # 


The principle of the lever is practically the principle of moments 
which may be stated as, “If a lever is in equilibrium, the sum of the 
moments tending to turn it clockwise round any point is equal to the 
sum of the | moments tending to turn RF 
it anti-clockwise round that point.” a k— a— kb B 


mechanical advantage = 


So for a lever, if it be in equili- 
brium, clockwise moment round the ful- 
crum = contra-clockwise moment round 
the same point. 


Experiment.— Let a motre-stick AB 
balance on the sharp edge of a wedge- 
shaped piece of wood (Fig. 105) and let 
a load W say, 200 gms., be suspended 
by a string from a point 20 ems. from 
the fulcrum F. Now find, by experi- 
ment, a point on the other side of F 
such that an effort Æ, say, weight of 
100 gms. applied at the point, will just support the load W. This 


Fig. 105 ` 
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point will be found to be at 40 cms. from the fulcrum. It is seen 
at once that the product of (20020) is equal to the product of 
(100 x 40). Tf instead of an effort of 100 gms,. an effort of 400 gms. 
is taken, the point of balance will be found now at 10 ems. from the 
fulcrum. Again it is seen that the product of (200 x 20) is equal to the 
product of (40010). The driving moment in this example, i.e., the 
moment of # about F is anti-clockwise and the working moment, tê., 
the moment of W about F is clockwise. 


180(a). The Straight Levers :— When the lever is straight, and 
the effort and the weight act perpendicularly to the lever, the follow- 
ing three distinct classes of levers are found in practice. 


AB BA R: 


W W 


Fig. 106 


(I) BX AF=WX BF, (II) BX AF=WXBP, (III) Bx AF=WX BF. 


LBE: Wy: _BF y. 2 BF ; 

or, E r: or, ar ame or, E ap XW 

(I) Rr (reaction at (II) Br =W-E. (III) Rr -E-W. 
fulcrum = H+ W). 


Evidently, in class I and I type of levers, if F be taken very 
near to W, the ratio BE can be made very small, i.e, a small effort 


E can be used to overcome a large resistance W, io. there is 
mechanical advantage in these cases. In class III type of levers, a 
large effort Æ overcomes a small resistance W, which shows a mecha- 
nical disadvantage. This arrangement gives W a large movement for 
a small movement of the effort Æ, a fact which is just opposite to 
what happens in the other two types of levers, The practical use Of 
Class III type of levers lies offen in convenience ; for, in practice, it 
may not always be possible to find a convenient point to apply the 
effort relatively at greater distance referred tothe fulcrum than that 
of the load. 


181. Common Application of the Principle of Levers :— 
The lever principles, as described above, are used in our daily life ia 
various ways. Levers may be simple or double. Three common 


> 
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appliances representative of the three classes of straight levers are 
shown below in Fig. 107. 


Double Lever of Cass I Leve: Class I lever Class IT 
F, 4E 
{RE VONA 
W 
A pair of Sciseors Wheel Barrow Loaded Shovel 


Fig. 107 


182. Examples of the Three Classes of Levers :— 


Class I.—A common balance, pump handle of a tube-well, a 
spade used in digging earth, a crow-bar used in moving a weight at 


one end, etc. A pair of scissors and a pair of pincers are examples 
of double levers of this class. 


Class II.—A cork squeezer, a crow-bar with one end in contact 
with the ground, ete, A pair of ordinary nut-crackers is an example 
of double levers of this case. 

Class IJI—The human forearm (when a load is placed on the 
palm and the elbow is used ag fulcrum, the tension exerted by the 
muscles in between acts as effort), the upper and lower jaws of the 


mouth, a pair of forceps used in a weight box and a pair of coal- 
tongs are examples of double levers of this class. 


183. Tke Wheel and Axle :— It is a simple machine, and may 
also be looked upon as a modification of the lever. It consists 
of two cylinders of different diameters capable of turning 
Wheel about a common fixed axis, the larger 
of which is called the wheel and the 
smaller the asle [Fig. 108]. The load 
W to be raised is attached to a rope 
coiled round the axle and the effort Æ 
is applied to a rope coiled round the 
wheel in the opposite direction, so that 
when the rope round the wheel is un- 

| coiled, the rope round the axle is coiled. 
up and thereby the weight is raised. 

Fig. 108, shows a section where OB 

is the radius 7 of the axle and QA the 


Fis. 108— radius R of the wheel. Taking 
moments about O, the axis, HXxXOA 
The Wheel and Axle, = Wx OB. 


il 
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j ‘ _ W _ OA _ Radius of wheel (R) 
The mechanical advantage = W 7 OB Radius of ele) 


The windlass by whfch water is drawn from a well is of the 
Same class as the wheel and axle, 
the crank-handle of which serving 
the purpose of the wheel. The 
capstan [Fig. 108 (a)] used on 
board a ship for raising an anchor 
is also of this class. In it the 
length of the lever arm takes the 
place of the radius of the wheel 
and the radius of the barrel cor- 
responding to the radius of the 
axle. 


184. Screw :—An accurately 
cut screw has many important Fig. 108(a)—The Capstan. 
applications in modern industrial 
machines. The screw gauge and 
the spherometer which are two very 
common laboratory instruments also work on the principle of the 
screw and the nut. 


A screw can be considered as an inclined plane wrapped round a 
cylinder. The connection between the inclined plane and the screw 
is shown in Fig. 109. 


>| It shows a solid cylinder haying 
kd if one turn ABCD of a helix marked on 
its surface. The right-angled, triangle 
A'OD' is the development of that part 
of the surface of the cylinder which 
is below the helix, p=pitch of the 
helix, % inclination of the helix, 
d= diameter of the helix. 


Then, tan 4 = p/xd. 


Actual screws are of metal or 
wood and differ from the above ideal 
screw in that they always have a 
protuberant thread (forming the helix) 
cut on the cylinder. This enables the screw to work in a nut which 
isa hollow coller on the inside surfaco of which a similar screw is 
cut, the threads of the screw fitting in the grooves of the nut. The 
screw is rotated in the nut or the nut on the screw by a force applied 
on a wheel or lever attached to the rotor. On account of the rubbing 
between the rotor and the stator some friction is inevitable and so 
the useful work obtained in an actual screw is less than the work 


Fig. 109 
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that should be got out from an ideal screw. So the mechanical 
advantage of an actual screw is less than the velocity ratio and the 
efiiciency of the screw is always less than unity. 

Threads of screws are generally triangular or square in section 
as shown in Figs. 110, (a) and (b), respectively. Screws are conven- 
tionally represented as in Fig. 110, (c) A screw anda nut form a 


= Bi, 

5 : 

= 3 

E] 

Ee 1], Bis 
(a) (b) {c) (d) 

Fig. 110 


relative pair. | The Whitworth V-thread in which the angle of the 
thread is 55°, shown in Fig. 110, (d) is perhaps the most used thread 
in Engineering. 


Pitch (p) of screw-thread.—The distance through which a screw 
moves when it is rotated once about its axis is called the pitch of the 
screw. Itis the sameas the axial distance between two consecutive 
threads of it as shown in Fig. 110(a). 


LEAD A LEAD 
Te Spe | 
| 


| 


i 


Fig. 110(a) 


Lead of screw-thread—tt is the actual distance a nut on the 
thread would travel in making one complete rotation. When the 
screw is single-threaded, the pitch and the lead are equal; when 
double-threaded, the lead is twice the pitch. In general, when the 
screw is 7-threaded, the lead is n times the pitch. Fig. 110(a) shows 
in the three diagrams from left to right, the lead of a single-, double-, 
and treble-threaded screw. 

Back-lash.— This error is present in almost all instruments 
with nut and screw. If due to wear, or any inperfection in manu- 


Anche 
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facture, the screw is a loose fit in the nut, it may so happen that 
equal rotations of the serew-head in opposite directions produce 
unequal linear movement of the screw, or any rotary motion can be 
given to a screw without causing any translatory movement of the 
nut when the latter should move ; then an error called back-lash exists 


Fig. 110(b) 
in the instrument. When a screw and nut principle is utilised for 
measuring a small distance, as in the case of a spherometer, the screw 
should always be turned in the same direction to avoid back-lash. 


185. Some common Applications of the Screw :— 


A screw jack (Fig. 110(6)] used for lifting heavy loads like an 
automobile, a screw-press or letter-press used for compressing bound 


10 TEETH 


| 
A 


j 


Fig. 110(c) 


books etc., a vice used in workshops for holding jobs with a strong 
grip, are common examples of a screw. 
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186. Velocity Ratio and Efficiency of a Serew-jack :— 


Let a single-threaded screw [Fig. 110(c), left] of pitch p working 
in a nut support a load of weight W and a force P be applied in the 
horizontal plane to the end D of a lever OD (length =a) fitted on the 
screw. In one complete turn of the lever arm, distance travelled by 
the effort P= 27a, while the load is moved up through a distance p. 


The velocity ratio (V.R.)=27a/p. Since the mechanical advan- 
tage (M.A.) is W/P, 


: b out f 1 
the efficiency = anand =(W x p)/(P x 27a) = M.A. x ar 


Examples. (1) In am experi- 
ment, a screw-jack is arranged to 
be driven by a pulley as shown in 
Fig. 110(d). The lead of the 
screw (single-threaded) is 4 inch, 
and the diameter of the pulley 
is 12 inches. Equal disc weights 
P of 4:5 Ibs. are seen to raise 
a load W of 280lbs. slowly and 
steadily. Find the efficiency of the 
jack. 


F In this case (single-threaded 
Fig. 110 (4) screw), the lead is equal to the 


pitch of the screw. 
Y.R. distance moved by effort P for one complete turn of screw 
i distance moved up by load 


_27(12/2) circumference of pulley 


=8'14X12X2=75'36, 


1/2 pitch of screw 
load 280 x work got ont 
M. A. = = w a S - pe eben be 
4. roe WIP = agg ot Hl. fo) Wificlenoy e ork patda 
= W Xpitch of screw is 1 x ; $ 
P x circumference of pulley oo *75-36 Oto sas thoes 
(2) In the screw-jack shown in Fig. 110 (c), [right] the cross bar is 7 in 


long, the levelled wheel has 10 teeth engaging with a wheel of 18 teeth which 
raises a screw of pitch 4 in. Show that the velocity ratio is 198. 


(3) The length of each arm of a screw-press [Fig. 110(b)] is 6 in. and 
the pitch of the screw 1/4 in. Forces of 14 lb.-wt. are applied to each arm. 
Find the resistance overcome. 


Work put in=14 x2r X6/12 ft.-Ib. 
Work got out = x 1/(4x12) ft.-Ib., where W =resistence in lbs,-wt. 


14x22x66 W, 7 
12 4x12 


Neglecting friction, W =4294 Ibs.-wt. 
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187. Wedge :—A wedge is a simple machine consisting of a solid 
block of metal or wood shaped as an inclined plane. A small driving 
force applied to the wedge results in a much larger spliting or sepa- 
rating force. It is commonly used for raising heavy bodies, for propping 
upta sinking wall, for widening a gap, for breaking strong cover joints, 
oto., [Fig. 111(a)). 


Y 
TA nrs 
2 


Ra- 


(b) te) 
Fig. 111 


A double wedge (angle of the wedge=6) is shown in Fig. 111(d) 
being used for widening a gap. The separating forces generated 
produce equal reactions W, W at the edges of the gap. The forces 
P, W, W can be represented by a triangle. shown in Fig. 111(c), 
neglecting friction. 


Fiore P= 2 Wain 6/2...(1), and W6,4.=WIP* 529m A 


The action of an axe, or a knife, P 
or a nail may be treated as that of a 
combination of two wedges (Fig. 112). 
Example. The angle of a wedge is 10°. 
Find the splitting force exerted by it when driven 
by a force of 15 lbs.-wt. and the mechanical 
advantage. Neglect friction. : wW wW 
From equation (1) of the preceding article, 
P=15=2x W xsin 10°/2, 
15 15 
on Wess axata Se wt. F 
M.A. =W|P=86/15=5'78. Fig. 112 


188. Magnification of Displacement by the Use of Levers :— 
-In machines and instruments it becomes very often necessary 
either to magnify or reduce the displacement of a moying element. 


164 INTERMEDIATE PHYSIS 


: This is realisedin practice usually by using a lever or levers. 
Fig. 113 represents an arrangement of double levers used to magnify a 
small displacement d, caused by an effort H at the end A, of a lever 


Fig. 113—A Magnifying Device of Levers. 


A;B, toa large displacement d (in two stages) at the free end Ba of a 
second lever. The fulcrum of the first lever is F, and that of the second 
Fa, the working point B, of the first lever being rigidly connected by a 
stout rod to the driving point Ae of the second lever. What happens, 
when the driying end A, of the first lever is given a finite displace- 
ment d, by the action of the effort Æ, is shown by the dotted lines. 


Overall ideation Ss x di 
verall magnification eT, x a 
} =(ralrs)* (re/r3). 


189) Rack and Pinion :— A rack isa toothed wheel of infinite 

Ci eps diameter. A rack and 
pinion in gear are shown 
in Fig. 118(a). When the 
rack is fixed, the pinion 
(with its attachments) 
rolls on it on being 
rotated. When the pinion 
axle is fixed in position 
and the rack is movable, 
the latter with its attach- 
ments moyes as shown 
when the pinion is 
Fig. 113(a)—Rack and Pinion. rotated. 


; 190. The Common Balance :—A common balance is an 
instrument of utmost usefulness. It provides us with a ready means 
of measuring the mass of a body. We do not measure the weight 
of a body directly with it, though we ordinarily say that we do. 
A balance of this type is used by the grocer and this shows its 
importance in our daily life. A sensitive balance of this type, usually 
referred to as a physical or chemical balance, is an indispensabla 
necessity in the laboratory. 


ee aS 
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Description.— It consists of a horizontal rigid beam balanced 
at its centre on a knife-edge which rests on an agate plane fixed 
on the top of a vertical pillar 
(Fig. 114). Adjusting 

Two scale pans of equal 
weight are suspended from stir- 
rups (or hangers) carried by knife- 
edges at the two extremities of 
the beam. ‘The distances between 
the central knife-edge and those 
at the extremities are called the 
arms of the balance, which 
should be equal. A long Pointer 
attached to the centre of the 
beam moves cover a graduated arc = 
(scale) fixed on the pillar. For laem cron Handle SP 

A g crew 
accuracy, the pointer, should 
swing evenly to equal distances Fig. 114—A Physical Balance. 
oneach side of the middie mark 
of the scale, There is a lever arrangement (handle) by which the 
pillar, which supports the beam, can be lowered and the beam arrested 
in order to preserve the sharpness of the knife-edges. 


The method of use.—To wse the balance, it is first of all levelled 
by levelling screws provided at the base board and then adjusted by 
means of two screws (adjusting nuts) at the two extremities of the 
beam until the pointer oscillates equally on both sides of the middle 
division. The body to be weighed is then placed on the left-hand pan, 
and weights from the weight box are added on the right-hand pan, 
until the pointer oscillates in the same way, as in the case of the 
unloaded beam; it is thon that the weights on the two sides aro 
balanced. As the arms are equal, the two weights on the two pans 
are also equal. So the weight on the right-hand pan is equal to the 


weight of the body. 


Weight Box.— The weight box (Fig. 114(a)] which is supplied 
along with a balance contains the follow- 
ing weights: 100, 50, 20, 20, 10, 5, 2, 2. 
1, grams. Besides these, the box con- 
tains a few fractional weights, from 500 
mgms. (i.e. 0'5 gm.) down to 10 mgms. 
(i.e. 0'01 gm). 

Rider.— For accurato weighings by 
means of a good balance, a bent piece 
of wire of mass 10 mgms. (i.e. a conti- 
gram) called a rider, is often used. Each 
Fig. 114(a)—The Weight Box: arm of a good balance is divided into 10 

equal parts (Fig. 114) and the rider can 
be placed on the right arm at any one of the points by means of a 
sliding rod from outside the case, in addition to the weight from 


tie 


-Scale 


166 INTERMEDIATE PHYSICS 


the weight box already placed on the pan, until the pointer 
swings equally on both sides. When the rider is placed on- the 
10th division, ie. at the end of the arm, it is equivalent to „adding 
10 mgms. on the corresponding pan of the balance. If the rider 
is placed on any other division, say the 1st, the equivalent weight on 
the pan becomes (5X10), i.e. 1 mgm., and so the rider placed on 
the nth division is equivalent to adding n mgms. on the correspond- 

Ing pan. 
(a) Principle of Measurement.— A common balanco is an 
example of class I type of a lever in 


A F B which.the two arms, AF and BF; of a 
beam AB, F being the fulcrum, are 

; equal [Fig. 114(%)]. Neglecting the 
W weight of AB, and of the two`scale-pans 

1 W2 hung at 4 and B, if the beam remains 


in equilibrium at the horizontal position 
when a weight W, is placed on the pan 
at A and a weight Wa on the pan at B, we have, by taking moments 


about F, 

W,xAF=W.x BF fe DP ed) 
But BF=AF. .'. Wi=We. That is, the weight on the pan is 
equal to the weight on the other at the position of balance of the 
beam in the horizontal position. This is the principle of measure- 
ment by a common balance. 

Tn practice, the weight of a given body is balanced by the com- 
bined weight of a number of standard masses of known values. Let 
m be the mass of the given body and m’, the combined value of the 
standard masses required for balancing. 

Then from (1), the two weights being equal, mg=m'g, where g 
is the acceleration due to gravity at the place, or m=m'. That is 
an unknown mass is measured in terms of some standard masses 
supplied. 

Note.—(i) Weighing by a balance means the determination of a 
known mass which has the same weight as that of the unknown mass ; 
and mass being proportional to weight, a common balance is used 
only to compare the masses: for let W, W be the weights of two 
bodies in poundals or dynes, as the case may be, and let their masses 
be m and m’ respectively. Then we have, W=mg, and We=m'g, 
where g is the acceleration due to gravity at that particular 
mines EA U 30g eM. 

i Wo omg -m` 

Thus, the weights of two bodies at a given place are propor- 
tional to their masses. 

(ii) The position of equilibrium for any two mmsses is vnaltered 
by taking the balance to another place where the value of g is differ- 
ent when weighing is Cone by a common balance. re. 


Fig. 114(b) 


-7 
Ka 
ro 


x 
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Note the following— 


(i) The values of tho balancing masses are known, and so their 
total value m’ is easily obtained by adding them up. The weight of 
m gives the weight of m. But how to find the weight ofm? The 
common balance does not give us that. We haye to know the value 
of g, the acceleration due to gravity at the place of weighing , in order 
to evaluate the weight of m at that place. That is, by a common 
balance we can determine the value of an unknown mass, but not its 
weight directly. 


(ti) If the body of mass mis taken to a different place where 
the acceleration. (g) due to gravity is different, say the top of a 
mountain, or to the bottom of a mine, or to place of different lati- 
tude, its weight will change. If g is the new gravitational accelera- 
tion, the weight of it must then be mg (=Wi, say, instead of mg 
= W4) which was its weight at the former place. But if the body 
js weighed in a common balance at the new place, the standard 
masses required for balancing will still be the same (m’) as before, 
because the mass of the body has not changed. The weight of the 
same standard mass m’ will also change and will now be mg’ (= Wa’, 
say). At balance, W1' being equal to Wa, we must then have 
mig = mg’. That is, m =m, g being the same for both. This means 
that equal standard masses will preduce the balancing at the two 
places, though the weight of the body is now different. 


So by a common balance we cannot detect whether the weight 
of a body changes from one place to another. We require a force- 
measuring device, and not a mass-measuring device, in order to 
determine the weight of a bedy directly. One such device is a spring 
balance, 


191. Theory of the Common Balance :—Suppose the beam 
AB having equal arms AF and BF turns round the fulcrum F, which 
to diminish friction, 
js made of an agate 
or steel knife-edge 
resting on a smooth 
agate plane (Big. 
114(c)]. Let Wo be 
the weight of the 
baem and pointer. 
Let us assume that 
the centre of gravity 
of the beam and 
pointer, through 


Fig. 114(c) ; 

which W acts, lies at G on the line FG Which is perpendicular to the 
beam through.F' and is below F. Let two scale pans of equal weight 
S be hung at A and B. If now nearly equal weights W and W be 
placed on the pans at A and B respectively, and thereby the beam 


+ 


“p 
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be tilted from the horizontal through 0, we have, by taking moments 
round F. PA 


(W+ S).FM = Wo.FL +(W +8).FN 


= Wo.GR+(W + S).FN a fic (L) 
Also, FM = FA cos 0" a cos O= FN, and FL = GR =h sin 0. 
“. (W+8) a cos 9= Wo h sin 0+(W'+ 8S) a cos 0 A) 
sino | -W-Wa 
or, mo tan 0 Woh ae ia 1.» (3) 


192. Requisites of a good Balance :— A good balance must be 
(a) true, (b) sensitive, (c) stable and (d) rigid. 

(a) True.—A balance is said to be true if the beam of the 
balance is horizontal when equal weights or no weights, are in the 
pans. Equation (3) shows that @=0, when either W=W’, or 
W=0=W. Therefore, it follows from the assumptions made in 
arriving at equation (3) that a balance will be true provided the arms 
are (i) of exactly equal length, (ii) of exactly equal weight, i.e. the 
C. G. lies on the perpendicular to the beam at its middle, and (iii) the 
pans are equal in weight. 


(b) Sensitive—A balance is said to be sensitive, if fora small 
difference between W and W’, the angle of tilt O is large. Equation (3) 
shows that for a given difference between W and W’, tan © or 0 will 
Fe large if a is large, and Wo and h small. Therefore the conditions 
of sensitivity are that the beam should be (7) long, (ii) light, and 
(iii) its centre of gravity as near the fulcrum as possible. 


(c) Stable.—A balance is said to be stable, if it quickly returns 
to its position of rest after being deflected, with equal weights in the 
Pans. Equation (2) shows that, when (W+S)=(W'+S), the only 
restoring couple (i. e. the couple which tends to restore the beam to 
its position of rest) arises from the weight of the beam. Hence for 
stability, Woh should be large (of course the C. G. must be below the 
fulcrum F). That is, for a given value for Wo consistent with the 
rigidity of the instrument, the condition for stability is that A should 
be large, i. e. the C. G- as much below the fulcrum as possible. 


(4) Rigid.—A balance is said to be rigid, if it be sufficiently 
strong so as not to bend under the weights it is intended to carry. 


Note.— For a balance to be sensitive, the O. G. of the beam should 
be as near the fulcrum as possible ; while to be stable, the C. G. should 
be as much below the fulerum as possible. Evidently, great sensi- 
tiveness and quick-weighing are incompatible in the same balance. 
In practice, these opposite conditions, however, do not present much 
difficulty ; for, in balances requiring high sensitivity as in the lobora- 
tory balances, accuracy of weighing forms the main criterion and 
quickness of weighing can be sacrificed to some extent. On the 
other hand, in commercial balances as used by grocers, etc. when 
large masses are used, speed in weighing is more looked for than high 
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accuracy. A compromise between the two opposite conditions is 
adopted when it is desired to combine the qualities of sensifiveness 
and quick weighing in the same balance to a moderate extent. This 
. is done by making h neither too small, nor too large. 


193. Test of Accuracy of a Balance :—Let aand b be the 
lengths of the arms of the balance, S and S' the weights of the scale 
pans. Now, if the beam is horizontal with empty pans, we haye, by 
taking moments about the fulerum, S*a=S'Xb...... (1), provided 
the C.G. of the beam lies on the perpendicular to the beam through 
the fulerum. 

Again, the beim will be horizontal, if equal weights W, W are 
placed on the pans. We-have, then, (W+S)a=(W+S')b......(2). 
From (1) and (2) we get, Wa= Wb, ora=6, i.e. the arms must be of 
equal length; and since S.a=S'.b, we have S= 5, i.e. the scale pans 
must be of equal weight. So, to test the accuracy of the balance, 
first see if the beam js horizontal when the scale pans are empty. 
Then put a body on one of the scale pins, and pub weights on the 
other pan to balance it. Next interchange the body and the weights 
on the two pins. If the beim of the balance is still horizontal, the 
balance is true, otherwise it is not. 


194.—Weighing by the Method of Oscillation :—The opora- 
tion of weighing by a sensitive balance takes a yery long time before the 
beam comes to rest. It is, however, unnecessary to wait till the 
pointer comes to rest, for we can calculate the position which the 
pointer would occupy if the bilance comes to rest. This can ba 
done by observing the readings of the sele corresponding to the 
turning points of the pointer while the balance is swinging. The posi- 
tion so determined is called the ‘resting-point’ (written, R.P.) for a 
particular adjustment of weights and load, or for empty pans. It is 
more accurate and much quicker to perform the weighing by this 
method, which is called the Method of oscillation. This method 
is suitable when the weight to be taken is small. 

Procedure.— Imagine the scale divisions, over which the pointer 
moves, to be numbered from left to right, as shown in Fig 114(d). 
Slowly raise and lower the bem two or three times so that the 
poin@r swings over about 3/4 of the scale divisions. When after 
two or three oscillations the motion becomes 
regular, take a revding (say, 4) of the turn- 
ing point of the pointer, by avoiding prrallax, 
as it swings to the left. Then reid the ex- 
treme position (say, 14) of the subsequent 
swing to the right. Again read the next 
swing to the lett (say, 5). 

Thus three reidings, one to the right 
and two to the left, have been taken from 
which the R.P. for empty = = be cleu- 
lated in the following way. Take the mean : 
ae two left-hand readings, t.e. the first Fig. 114(d) 
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and the third readings. Then the mean of this mean and the right- 
hand reading, i.e. the second reading, will give the mean R.P. for 
empty pans, 

For greater accuracy five conescutiye readings (two to the right and 
and three to the left) should be taken. The R.P. for the empty pans 
is found as above a number of times and therefrom tho mean R.P, 
(say, æ) for the empty pans is obtained, 

The reason for taking an odd number of observations is that the 
are over which the pointer swings continually grows less due to 
friction and air resistance, and thus if only two observations, say, 
one to the left and then another to the right, or two to the left and 
two to the right, are taken, the position of rest obtained by taking the 
arithmetic mean of these two will be too far tothe left. Tho mean 
of any odd number of observations, obtained as above, will represent 
the true position of rest more accurately. 

Next place the body to be weighed on the left-hand pan and try 
to get its weight (w) by adding wits. on the right-hand pan until the 
Pointer oscillates within the scale. Let the mean R.P. for the loaded 
„pans be y. 

Next find out the mean R.P. (z) when the wt. w on the right- 
hand pan is increased by 1 milligram or any such small weight, 


Now, it is necessary to calculate ont what weight must be added 


_ to or subtracted from w in order to reduce the R.P, from y to a. 


Calculation,— 


True wt. = w+ ou x (y - x) gm., when y>z. 


x 


If y is less than x, true wt. = w- coor x (æ —-y) gm. 


_ Note.— As the sensibility of a balance varies with the load, it 
“should be calculated every time a body is weighed. Mhe sensibility of 
a balance is defined as the change of the resting point due to a change 


Of some definite weight, usually one milligram, in one of the pans. 


195. The Method of Double Weighing :— The true weight of 


a body can be determined with the help ofa false balance by any one 


of the following two methods of Double Weighing— 


(i) The Method of Substitution (Borda’s Method).—Place 
the body to be weighed on the left-hand pan and counterpoise it by 
sand (or any other convenient substance) in the right-hand pan, Then 
remove the body and replace it by known weights to balance the 
sand. Since the body and the weights both balance the sand under 
exactly the same conditions, they must be equal. 


(ii) Gauss’s Method.—fet a and bbe bethe lengths of the arms. 
Place a body of true weight W in the left-hand pan, and let its 
apparent weight be W,. 


= 


ie" 
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Then, taking moments of the force on each side, 
Wxa=W, Xb Ar nU SEMI) 


Now put the body in the right-hand pan, and let We be its appa: 


rent weight, then WaXa=WXb 3 at ey, 
From (1) and (2), E-t, or, W°=W1X Wa; 
o, W= JW, Wa N a, sia) 


Thus, the true weight is the geometrical mean of the two appa- 
rent weights. 


Ratio of the arms.— 


From eq. (1), s-t, tE, 
2 
a® _Way sR PS = Ws (4) 


and from eq. (2), g 


196. A False Balance :— By using a false balance with unequal 
arms, a tradesman will defraud himself if he weighs out a substance 
(to be given to a customer), in equal quantities, by using alternately 
each of the scale pans. Let W be the true weight of the quantity of 
a substance which appears to weigh Wa and Wa successively by tho 
two scale pans of a balance of which a and bare the lengths of the 
arms. Here the customer gets (Wait Wa) instead (W+1W), i.o. 2w 


and we bave, Wy+Ws-2W=We+ WÈ —2W (from eqs. 1 and 2 of 


Art. 195) 


& 3 "ye —})2 
= (0E 20b) n wy (a=0) 
ab ab 
The right-hand side of the equation is always positive whatever 
be the values of @ and b, and so (Wi +Ws) is always greater than 
ji)? 
2W. Thus the tradesman defrauds himself by the amount o- 


Hence, at the time of purchasing a substance, @ customer should 
always insist on having half of that substance weighed on one pan 
and the other half on the other if he doubts the balance. 


Example. An object is placed in one scale pan, and it is balanced by 20 lb. 
The object is then put into the other scale pan, and now it takes 21 lb. to 
balance it. When both scale pans are empty, the scales balance. What is the — 
matter with the balance, and what is the true weight of the object ? (Pat. 1934). P 

Two different weights are required to balance the same object when placed 


` 
= f 


$ Pied sd >- ae 
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on diferent pans of the balance, 
because the arms of the balance are 
unequal [vide Art. 195, ii]. The 
true wt = ,/20x41=20°494 lb, 


197. The Common (or 
Roman) Steelyard :—This is 
a form of balance with unequal 
arms and is used for rough 
quick weighing. It consists of a 
graduated beam AB (Fig. 115) 

Fig. 115 movable about a fixed fulcrum 
F vory near to one of its ends. A known sliding weight Æ slides 
over the arm AB, The object W to be weighed is suspended at a 
hook A and then the beamis made horizontal, thatis, the body is 
balanced, by changing the position of Æ. It should be noted that the 
graduations are correct with only a constant weight Æ, and if this 
weight is changed, the graduations must be changed correspondingly. 
Tf M be the weight of the beam acting at its centre of gravity, G, we 
havo, for equilibrium, Wx AF =(Mx GF)+(E x BF). 

198. Platform Balance :—The platform balances often used 
for weighing luggages and parcels in Ruilway Stations work on the 
principle of a Common Steelyard. It consists essentially of three 
levers A,F',Bs, Fads Bs, and AgbF', having their fulcrums respec- 
tively at FıFe and Fs [Fig. 115(a)]. There are two knife-edges 
a and b, fixed on two separate levers, upon which the platform 
P of the balance rests. The pressure exerted by any load placed on 
P is communicated to the end Bz of the lever F242Ba, which again 
is attached to the point Ax of the upper lever by a vertical rod Bs4,. 


In the lever F,4aBs, the arm FB, being much longer than the 
arm F As, a very small force is required to balance the force 
‘exerted on a platform P and this force is again balanced by the 
force on the upper lever. 

The upper lever has its ful- 
crum F, very near to A, and so 
a small weight acting at Bı can 
balance the force communicated 
to Ay. 

The standard weights sus- 
pended at the end Bı constitute 
the effort in this case for balanc- 
ing the load, and small fraction 
of weights are measured by 
sliding small weight’ along the 
graduated rod FB1. 


Very big balances having 
larger platforms used for weigh- 
ing loaded carts or wagons of 


coals, etc. are called weigh- 
bridges. Fig. 115(a)—Platform Balance. 
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i 199. The Spring Balance :—A Spring balance is essentially an 
instrument for measuring a force. So the weight of a body which 
isa force can be determined with it. It con- 
sists of a spiral spring, fixed at its top to a 
metal plate hanging from a ring attached 
to a rigid support and at the lower end of 
it is attached a hook for supporting the 
body to be weighed (Fig. 116). An index 
or a pointer, attached to the spring moves 
along a metal scale which is graduated in 
grams or pounds with the help of known 
weights. The body to be weighed is sus- 
pended from the hook, and the spring is 
elongated due to the force with which the 
body is attracted by the earth. The position 
of the pointer on the metal scale indicates 
the weight of the body which is the measure 
of the force with which it is attracted to- Fig. 116—A Spring Balance. 
wards the centre of the earth. So by a spring balance the weight of 


a body at a given place is directly obtained, and 
this weight will difer at different places as the pull 
onthe spring due to the force. of attraction of the 
earth changes from place to place. So a spring 
balance can give the true weight of a body only at 
the particular place where it was graduated. By 
a spring balance we compare different weights 
while by a common balance we compare different 
masses and not weights. 


Principle. The principle of the spring balance 
may be learnt by arranging a spiral, made of thin 
steal wire, to move in a groove between two strips 
of wood. The upper end of the spring is clamped 
and the lower end carries a scale pan and a pointer 
or index, which moves over a millimetre scale 
attached to the side of the spring. This forms 
what is called a spring balance or a spring dyna 
mometer (force-measurer). 

Experiment. To graduate a dynamometer [ Fig. 116(a) ], 
fix it vertically and mark the initial position of the pointer, 

Add known weights, say 10 gms. at a time, and read the 
position of the pointer after each addition. Repeat these 
observations until the spring is extended to nearly twice its 
original length. Then teverse the process, i.e. remove the 
weights step by step, and note the readings as before. Tabu- 
late the readings. Find the mean index readings for the 
loads increasing and loads decreasing. 

; Now plot a curve (Fig. 117) taking weights as abscissæ 
Fig. 116(a) and the mean index readings as ordinates. The graph is a 
straight line. The mean elongation for any weight is the 

difference between the corresponding mean index reading and the no-load reading. 


Pointer Pointer 


Scole 
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Conclusion.— The result of the above experiment shows that (i) 
the amount of elongation is proportional to the load applied, and that 
(ii) the spring used is a very elastic material ; because, on the removal 
of the various loads, the index returns to the original position. The 
first of these is known as Hooke’s Law.* 

Experiment, Determination of an unknown weight——Place a small object on 
the scale pan of the dynamometer and note the position of the index, which 
is say, 8'2 cm. Now, by means of the graph, as obtained above, deduce the 
weight of the object. The weight as indicated by the graph [Fig. 117], is 
59 gm. 

Note that, unlike a common balance, the spring balance not only 
measure the absolute weights of bodies, but it can also measure other 
forces, after its scale has 
been calibrated by compari- 
son with known forces. 


200. Distinction be- 
tween Massand Weight :— 
The mass of a body is the 
quantity of matter in the 
body, and the weight of a 
mass is the force with which 
it is attracted by the earth. 


Ifg be the acceleration 
due to gravity at any place, 
x EE tho woight of a body of 
> mass m grams at that place is mg, dynes (Art. 82). So, at different 
“places the weight of the same body will be different if the value of g 
be different, but the mass, or the quantity of matter in the body, 
remains constant. The value of g differs from place to place on the 
surface of the earth due to— 

(a) The peculiar shape of the earth.—The earth is flattened at 
the poles, the polar diameter being less than the equatorial diameter 
by about 27 miles. Evidently the value of g is greater at the poles 
and so the same body would weigh greater at the poles than at the 
equator; that is, the weight of a body increases from the equator io 
the poles, or, in other words, the weight of a body increases with the 

latitude of the place. i 

For example, the absolute weight of a pound mass varies from 

82091 poundals at the equator to 32°255 poundals at the poles ; and 

the absolute weight of a gram mass varies from 978'10 dynes, at the 

equator to 983°11 dynes at the voles. 


_ (6+) The altitude of the place—As the value of g decreases 
with the increase of altitude, being inversely proportions! to the 
square of the distance of the body from the centre of the earth (vide 


This has been treated separately in Art. 208 under ‘Elasticity’. 


Weight In gm. 
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Art. 98), the weight of a body decreases in higher altitudes, the mass 
remaining constant. For instance, the weight of a 10 lb. body, ata 
height of 50,000 miles, would be about as much as an ounce. at the 
surface of the earth. Again, since the value of g is less inside the 
earth [being directly proportional to the distance of a body from the 
centro of the earth (vide Art. 98)], so the weight of a body decreases 
as it is taken down inside the earth, say, to the bottom of a mine ; 
the greater the depth, the less is the weight. Thus the weight is nob 
an essential property of matter, a8 a body taken to the centre of the 
earth, where the value of g is zero, would have no weight but the 
mass of it will remain unaltered. 


(c) The rotation of the earth—The value of g also differs owing 
to the diurnal rotation of the earth about its amis, due to which every 
body on the earth’s surface also revolves and in orler to keep the body 
jn the circular path a certain fraction of the true weight of the 
body is lost. So the observed weight becomes less than its true 
woight [vide Art. 98 (c)]. 

At any place the mass of a body is proportional to its woight. 
This means that if a piece of iron weighs five times as much asa 
piece of lead, the mass of iron is five times that of the lead piece. 
Hence when we obtain the woights of various bodies, we also measure 
their respective masses. 

Mass is measured in grams or pounds, while weight should be 
measured in units of force, i. dynes or poundals. Ordinarily 
however, the two words, mass and weight, are used as synonymous 
because, as stated above, we get only a comparison of the masses by 
weighing a hody by an ordinary balance, and so the weight of a body 
at a given place may be regarded as a measure of its mass, and this 
has led to the use of the units of mass as units of weight. But wo 
must be aware of this double meaning of ‘weight’. 


201. Detection of the Variation of the Weight of a Body with 
Change of Place :—The difference in the weight of a body at different 
places cannot ba detected by ordinary balance, hecause the body as 
woll as the ‘wts.’ that are used to weigh it are both equally affected 
by the variation of g. So, if a weight is balanced at one place, 
the balancing continues when the same is taken to a different place. 
The difference in weight can, however, be detected by means of a 
delicate spring balance, where the body depresses the pointer to 
different distances, as the force on the body becomes different for 
different values of g. For instance, if a cubice foot of water is 
weighed in a spring balance in London and also at the Equator, 
the indicated weight would be 82 oz. greater in London than nt 
the Equator (vide the table in p. 94). Similarly, it would be $ oz. 
greater in Manchester than in London. 

Examples. (I) A body is weighed in a spring balance at a place where 
g=980:94, and the reading indicated by the balance is 50 grams. What will the 
reading be, if the body be taken at a place where g=981:54 ? 
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Let W; and Ws be the readings of the spring balance, g, and g, the 
correspoding values of g; then, if m be the mass of the body, which is the 
same everywhere, we have, 


Wanda Wants xW, = 814x50 _ 50-081 gm. (nearly). 
3 


W, ma ~ 980°94 

(2) If the weight of a man is 160 Ibs. on a beam balance at a place where 

g=980:665 cm./sec.2, how much would he weigh on an accurate spring balance 
ai the Equator (g=978-1), and at the Pole (g=983'1)? 


160 i i A a 
The mass of the man=— ~~~ which remains constant both at the Equator 
F man = 980° 665" 5i 
and at the Pole. 


If w’ be the weight of the mass at the Equator and g’ the value of accelera- 


160 


= Xx978-1=159:56 Ib. 
980`665 


tion due to gravity, we have, w =mg = 


Similarly, if w” be the weight at the Pole, w” = tas x 983-1 1008 lb. 

(3) If the mass of the earth is 81;53 times that of thz moon, and the diameter 
of the earth is 3'893 times that of the moon, compare the weight of a body on 
the surface of the moon with its weight on the surface of the earth. 

We know from the law of gravitation that the forces of attraction between 
two bodies are directly proportional to their masses and inversely proportional 
to the square of the distance between them. 

Let m be the mass of the body. M the mass of the moon, M’ the mass of 
the earth, and d the distance between the moon and the body, when it is on 
the surface of the moon, i.e. d=the radius of the moon, and d’ the radius of 
the earth, i.e. distance between the body and the earth, when the body is on 


a 
the surface of the earth. Then, we have the attraction of the moon, Foc ar 
mM. F OM J dt _ 1, (8°678)? 


and the eee of the earth, Fcc ao: PAW Sen era) í 
E lopo cue sth on the Moon (eeatt giants 
** d radius of pon 


weight on the earth , 

This problem shows that while the mass of the body is the same on the 

moon as on the earth, its weight on the earth is about 6 times greater than 
that on the moon, 


Questions 


_ l. Define the terms, velocity ratio, mechanical advantage, and efficiency, as 
applied to machines, (Mysore, 1952; P. U. 1952; E. P. U. 1951, °53)- 

2. Show that once a body is just ready to slide down an inclined plane, 
the tangent of the angle of inclination of the plane is equal to the co-efficient 


of friction. (Del. H. S., 1952; Dac. 1942; Nag. U. 1952 ; Pat. 1927). 
3. What is the acceleration of a block sliding down a 30° slope, when the 
co-efficient of friction is 0°25 ? (Poona, 1954). 


[Ans. 9:14 ft. /sec?.] 

What h.p. is exerted in pulling a 200 Ibs. log up a 30° slope at the rate off 
12 ft,/sec. (co-eff. of friction=0;3) ? 

Ans. 33 h.p.] 

4. A body starting from rest slides down an inclined plane whose slope 
is 80° (co-eff. of friction=@-2). What is its speed after sliding 76 ft. ? 

[Ans. 40 ft./sec.] 
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5. What is the mechanical advantage of an inclined plane used as a machine 
when 9 =30°, and the force acts horizontally ? When it acts along the plane ? 
(Ans. N3; 2] 
6. State what you mean by ‘Limiting friction’, and the ‘Angle of friction’. 
‘i (Dac. 1928). 
Explain the laws of limiting friction and describe experiments to verify 


them. (Pat 1952). 
7. (a) Define ‘machine’ and ‘mechanical advantage’. (Pat, 1947), 
(b) Justify the statement : ‘What is gained in power is lost in speed’ by 
considering two important machines. (Pat. 1947), 


8. Give a neat diagram and very brief description to show the working of 
the second system of pulleys, and deduce the mechanical advantage. (Pat. 1929), 

9. What are levers? Give examples of different classes of levers. (Pat. 1921). 

10. A uniform beam weighing 72 Ib. and 12 ft. long is supported on two 
props at its ends. Where must a mass of 108 Ib. be placed so that the thrust 
on one prop may be twice as that on the other ? (Utkal, 1951). 

[Ans. At 23 ft. from one end.] 

il. Describe a lever of Class III. Calculate its mechanical advantage and 
show that the principle of work has been satisfied there. (Utkal, 1952). 

Give a very brief description of the second system of pulleys ; and deduce 
the mech, advantage. (E. P. U. 1952). 

12. Deduce the M.A. of a wheel and axle from the general principle off 
conservation of energy- (Pat, 1929, '31). 

18. A screw jack has a pitch of 05 inch. What weight will it lift (neglecting 
friction) when a force of 20 1b. is applied at a point on the arm 18 inches from 
the axis. 

[ Ans. 45216 Ib.] 

14. Describe a jack-serew and state one of its practical applications with 
which you are familiar. Neglecting weight and friction of the machine, find out 
ion for the mechanical advantage. 

-screw having a pitch 0°25 inch is turned with a force of 50 1b.-wt. 
applied at the end of a hand 8 ft. from the axis of rotation of the screw. 
Calculate the load which the jack will be able to raise. (C. U. 1956) 

[Ans. 45216 Ib.-wt.] 

15, What are the requisites of a good balance ? You are given an inaccurate 
balance ; explain how it can be used to obtain accurate results. 

The only fault in a balance being the inequality in weights of the scale 
pans, what is the real weight of a body, which balances, 10 lb, when placed 
in one scale pan and 12 Ib. when placed in the other ? (All, 1929 ; Dac. 1938) 

[Ans. 11 1b.] 

16. What are the requisites of a good balance? A balance with unequal 
arms is used for weighing, The apparent weights of the same body when 
placed in the two pans are 158;0 and 158'25 gm. respectively. Find the ratio 
of the balance arms. (Dac. 1984; cf. Pat. 1928, "44; cf. All. 1946; C. U. 1950) 

[Ans. 633 : „682.] 

Î7., Explain with a neat sketch the principle and construction of a physical 
balance. Why is the method of double weighing adopted in the case of an 
inaccurate balance ? (C. U. 1930; All. 1946) 

18. What are the requisites of a good balance? Explain clearly how 
you would proceed to determine the true weight of a body using a balance 
having unequal arms. (Utkal, 1944; A. B. 1952) 

19. How would you determine whether the arms of a balance are of equal 
length, and how would you eliminate errors due to such an irregularity ? 

(Pat. 1928) 

20. A body is placed on the pan of a balance, whose arms are unequal 
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and is found to weigh w; gm. It is then removed to the other pan and weighs 
w, gm. Show that the actual weight is Jwy.w, gm- (U. P. B. 1926, '55) 

21. Explain why a balance which is sensitive cannot be stable. 

(P. U. 1952; cf. Guj. U. 1952; cf. Bomb. 1955). 

22. A tradesman sells his articles weighing equal quantities alternately 
from the two pans of a balance having unequal arms. If the ratio of the 
lengths of the two arms be 1/025, what is his percentage loss or gain, 

(Pat. 1952) 

[Ans. 0:06% loss of trader.] 

23. A body A when placed successively in the pans of a faulty balance, 
appears to weigh 8 Ib. and 18 Ib ; another body B when treated in the same 
way appears to weigh 5} lb. and 12 Ib. In what respect is the balance false, 
and what are the real weights of A and B ? 

[ Ans. Arms unequal ; ratio of arms 2 : 3] $ 

24. The turning points of a balance were observed to be successively 
13, 8, 11. With the body on the left pan and 24-82 gm, on the right pan, the 
turning points were 14, 9, 12. On adding 10 more milligrams to the weights, 
the turning points become 10, $, 8. Calculate the correct weight of the body. 


[Ans. 24°822 gm.] (Mysore, 1952) 
25. Sketch a common steelyard. Explain its underlying principle and show 
how it is graduated. (Pat. 1928; E, P. U. 1951) 


26. Explain the construction and action of a railway platform balance 
used for weighing heavy parcels and luggages. (All. 1941; U. P. B. 1942), 
27. “In a common balance we compare masses of two bodies while from a 
spring balance we can get the true weight of a body.” Explain. 
(C. U. 1927, ’40, '47; Dac. 1929) 
28. Draw a neat diagram, showing the essential parts of a spring balance. 
State why a spring balance gives different values for the weight of a body at 
different places, whereas a common balance gives a uniform value. (C. U. 1952) 
29. Explain why a very delicate spring balance would show a slight differ- 
ence in the weight of a body at different places on the earth, though a common 
balance would give no indication of any difference. 
(Pat. 1920, '32; cf. C. U. 1920) 
30. Define ‘weight’ and discuss as fully as you can, the factors on which 
it depends. Describe experiments to illustrate your answer. (Pat. 1931). 
31. Describe experiments by which it can be shown that the mass of a body 
is proportional to its weight and explain carefully the reasoning by which this 
conclusion is drawn from the results of experiments. 
What is meant by the statement that weight is not an essential property ofi 


matter ? (Pat. 1932) 


CHAPTER VIII 
PROPERTIES OF MATTER 


202. Constitution of mattcr : Molecules and Atoms :— Any 
given kind of matter is now universally recognised as being made 
up of a very large number of extremely tiny Pieces—pieces which are 
too small for an ordinary microscope to detect; these Pieces are the 
smallest ones in which the mass of a body may be sub-divided while 
still retainina the properties of the original substance. These uni- 
tary blocks of a substance are called its molecules. Tach kind of 
matter has its own distinctive molecule. In other words, molecules 


of the same substance are always alike and those of different sub- 
stances, different. 


| 
| 
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A molecule, again, is composed of still smaller particles, 
called atoms which are the elementary particles of chemical 
elements. When a molecule is split up, the original matter loses 
its identity. The different kinds of known molecules, in the last 
_ analysis, have revealed the existence of only ninety-two distinctive 
chemical elements. All of these have been experimentally isolated 
with the possible exception of two about which there is at present 
some doubt. This material universe comprises an almost infinite 
variety of substances but the most striking feature is that every one 
of them, when analysed, is ultimatly found to have been built up of 
any or some of these elements only. The atoms are incapable of free 
existence but by combining with ewch other form molecules which 
exist freely. When chemical reaction takes place between two sub- 
stances, what happens is that the atoms of one substance combine 
with the atoms of the other to form the molecules of a new substance, 


Formerly, the atoms were supposed to be indivisible and were 
regarded as the ultimate particles with which all matter is built up. 
Recent researches have, however, established the existence of parti- 
cles far smaller than the atom, as Electrons, Protons, Neutrons, eto. 
(vide Ohapter I, Part VI). 

Tho distances or spaces between consecutive molecules of a body 
are known as inter-molecular spaces, which can decrease or increase 
producing a change in volume of the body. The inter-molecular 
spaces are not vacuous, but it is imagined that these spaces are filled 
with a subtle imponderable fluid, called the ether whose physical 
existence has, however, not yet been demonstrated. 

The molecules of a body are held together in their positions, 
firmly in the case of a solid and less so in a liquid by their mutual 
forco of attraction, known as inter-molecular force of attraction, 
while in the case of a gas, the inter-molecular foree is almost 
negligible. 

The molecules of a solid execute vibration about their mean posi- 
tions of rest which cannot be easily altered, while in case of liquids, 
they may be altered more easily. In the caso of a gas, the molecules 
are in random motion perpetually. The degree of motion in all the 
three states increases with the increase of temperature. 

203. The Three States of Matter :—Matter exists in the three 
States : solid, liquid and gas. 

Distinction between Solids, Liquids and Gases.—The molecular 
structure of matter is common to all the three states. The difference 
lies only in the closeness with which the molecules composing them 
are packed. 

Within a substance (which is an assembly of molecules) forces 
exist which on the one hand hold the molecules together (forces 
of cohesion) but, on the other hand, hold them apart at distances 
corresponding to the state of aggregation (forces of repulsion). Such 
forces are called intermolecular forces. These forces are only 
effective in the immediate vicinity of a molecule, called its sphere 
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of action. Differences in the relative values of these two forces 
arising out of different inter-molecular distances, give rise to the 
three physical states of matter : solid, liquid and gas. 


In a solid, the molecules are yery closely packed and so the 
forces of cohesion far exceed the forces of repulsion and the result 
is that a solid acquires the ability to preserve a definite shape and 
volume and to put up a great resistance to any change in either of 
them ; this explains why a solid possesses high rigidity as also high 
bulk (or volume) elasticity (vide Art. 213). 


In a liquid, the molecules are packed less closely than in a solid, 
so cohesion is much smaller and is such that a liquid readily yields 
to any external force tending to change its shape. A liquid thus has 
no definite shape and takes the shape of the vessel in which it is 
Placed. But the cohesion of the molecules is still sufficiently big 
to enable the liquid to preserve its volume, and quite a large force, 
though relatively smaller than in the case of a solid, is necessary to 
change it even a little. 


In a gas, the molecules are widely separated from each other so 
that inter-molecular attraction is almost absent and the molecules 
move about independent of each other, being only limited by the 
walls of the containing vessel. So it cannot preserve any definite 
shape or volume, but, by spreading out readily fills the whole of the 
containing vessel ; for the same reason it is incapable of offering any 
appreciable resistance to any change either in shape or volume. 

Fluid.—Liquids and gases are usually classed together as fluids 
for they can flow readily. 

204. The Physical states and Temperature :—No physical 
State is permanent for a substance, for it can be made to pass from 
one state to another under suitable conditions. Thus water which is 
a liquid at the ordinary room temperature, can be converted into solid 
ice by progressively cooling it, or can be changed into steam, a 
vapour, by applying heat to it. A similar property is common to all 
substances, 7, e.a liquid can be solidified by extracting heat from it 
and can be yaporised by adding heat to it. It is the temperature 
which determines the physical state of any particular substance and 
stands for the molecular motion in the substance. For a substance, 
relatively speaking, the gaseous state corresponds to the hottest, the 
solid state to the coldest and the liquid state to an intermediate 
temperature. That is, with increase of temperature inter-molecular 
space increases. That is accounted for by saying that molecular 
motion increases with increase of temperature. 


205 Molecular Motion in the solid, liquid and gaseous 
States :—In the solid state, the motion is so restricted that a mole- 
cule can only vibrate about a mean position of rest which cannot be 
altered easily. The amplitude of this vibration increases with the rise 
of temperature and at a certain temperature, called the melting point 
of the solid, the motion becomes violent enough to enable a molecule 
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to break away from its confinement and to acquire a motion of 
translation. That is, at this state of energy it has not only vibratory 
motion but translatory motion too. In a liquid, a molecule has no 
mean position of rest and this accounts for the ability of a liquid to 
flow. At a still higher temperature, when the liquid boils, the 
molecular motion is so violent that the forces of cohesion cannot 
prevent the molecules from shooting away from the boundary of the 
liquid. This is vaporization of the liquid. The molecules at this 
stage acquire a violent translatory motion to limit which a container 
closed on all sides becomes necessary. By successive reflections 
from the boundary wall and mutual collisions, a very chaotic type of 
motion of the molecules results within the gas. 


206.—General Properties of Matter :—Cortain properties are 
found to be common to all the three states of matter,—solid, liquid 
and gas, and are called the general properties of matter, while there 
are other properties which are peculiar to a particular physical state 
or states only and are referred toas special properties of a physical 
state. 


Inertia.—Inanimate matter by itself cannot change its own state 
whether be it a state of resb at a given position, or configuration, or 
a state of motion ina straight line. It has no initiative of its own. 
This property is knownas inertia. The inertia of a body is due 
to its mass. 


Gravitation.—Eyery particle of matter in this universe attracts 
every other particle towards itself. The strength of this attraction 
between two particles is directly proportional to the product of the 
two interacting masses and inversely proportional to the square of 
the distance between them. The falling ofa fruit to the earth when 
the former is detached from its stalk is due to the mutual attraction 
between the earth and the fruit. The mutual attraction between 
the moon and the ocean water causes the high and ebb tides. The 
earth rotates round the sun due to the mutual attraction between 


them. 


Cohesion and Adhesion.— Cohesion is the force of attraction 
between molecules of the same kind, and adhesion is the force of 
attraction that exists between molecules of different nature. Cohesive 
force keeps the molecules together in a substance and adhesion is the 
cause of sticking together of two substances, ¢.g. wetting glass by 
water and other liquids, gluing wood to wood, ‘tinning’ metals with 
solder, ete. Cohesion holds together the particles of a crayon, but 
adhesion holds the chalk to the blackboard. 


Impenetrability.—It is the property in virtue of which two 
bodies cannot occupy the same space at the same time, Ifa metal 
ball is immersed in a liquid, the liquid moves away to make room for 
the ball. When water is poured on sand, it seems, as if the former 
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Penetrates into the latter, bub in fact it only fills the pores botwoon 
the particles of the sand. 


It is the property in virtue of which » material 
body can bo subdivided into extremely minute parts. Tho physical 
Processes of subdivision, such as hammering, sawing, rubbing, filing, 
no doubt reduce alump of matter to a state of fine powder, 

at tho last state of sub-division, the grains aro vory largo 
to the molecules which compose thom. By an act of 
the particles are disporsed to much finer piecos, In tho 
state of solution, the dispersion is lossar than in the state of 
ion and the particles are within the range of vision through 
| microscope, viz. a Zsigmondy’s Ultramicroscope. Whon 
of divpersion is such that a particle has a diameter of the 
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penetrates into the latter, but in fact it only fills the pores between 
the particles of the sand. 


Extension.—I;, is the property in virtue of which every body 
occupies some definite space. The space which a body occupies is 
called its volume. The volume may be changed due to changes 
in temperature, pressure, ete. but cannot be reduced to zero. 


Divisibility—Tt is the property in virtue of which a material 
body can be sub-divided into extremely minute parts. The physical 
Processes of sub-division, such as hammering, sawing, rubbing, filing, 
etc. can no doubt reduce alump of matter to a state of fine powder, 
but even at the last state of sub-division, the grains are yery large 
compared to the molecules which compose them. By an act of 
Solution, the particles are dispersed to much finer Pieces. In the 
colloidal state ‘of solution, the dispersion is lesser than in the state of 
true solution and the particles are within the range of vision through 
a powerful microscope, viz. a Zsigmondy's Ultramicroseope. When 
the state of dispersion is such that a particle has a diameter of the 
order of 10-7 cm. or less, we term it a true solution. Even greater 
sub-division of the particles of matter takes place, when a scent or 
perfume spreads out in air. A rose smells for hours without any 
visible change in mass; a bit of musk sends out its scent for years 
together; what unique processes of sub-division are taking place in 
nature | 


Porosity :—Al] bodies contain pores more or less. The pores 
may be of two types: sensible and physical. In the case of solids 
and liquids, sensible pores are very large compared to the inter- 
molecular spaces and so intermolecular forces cannot act across 
them. They are spaces left between ono cluster of molecules and 
another. Physical pores are small enough for intermolecular forces 
to act across them, Tho intermolecular spaces are these pores. 
Solids contain both types of these pores. Often the physical pores 
are not regularly situated within a body. A piece of chalk) a heap 
of sand, our skin, earthenware pots, filter Paper, leather, wood, 
Sponge, etc. are some instances of very porous solids. The liquids 
are also porous. When a salt is slowly added to water, the yolume of 
the latter does not increase by the act of solution. How are then the 
salt grains accommodated ? They only go to fill the pores between 
liquid particles. These pores are the physical pores made up of the 
intermolecular Spaces, and the molecules around such a pore are 
within the sphere of each other's action. With increase of tempera- 
ture, these spaces expand when more salt can go into solution. 


The intermolecular spaces in a gas are extreme cases of physical 
pores. A gas can be easily compressed, and one gas easily and 
papal diffuses into another on account of these pores being very 
arge. 
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Compressibility.—It is the property of a body in virtue of 
which it can be compressed so as to occupy & smaller volume by 
application of external pressures. Compression is possible because 
of the fact that all bodies contain pores. Gases are the most com- 
pressible ; liquids are only slightly compressible ; in the case of 
solids compressibility varies widely from solid to solid, namely, while 
rubber is very compressible, glass and diamond can hardly be 
compressed. 


Density and Elasticity.— All material bodies must have some mass 
and the mass per unit volume of a body is called its density. So density 
is a universal property of all matter. 


Elasticity is the property (which all matter possesses more or less 
jn all the three states; solid, liquid and gas) in virtue of which a 
matter can offer resistance to a force or system of forces which 
produces a deformation of it either in shape or size or both and can 
regain its shape and size (if the deformation produced is within a 
limit for it) as the deforming force is withdrawn. 


Both the density and elasticity are of such primary importance 
that it is claimed that all other properties of matter can be accounted 
for in terms of these two factors. So both of them have been 
separately dealt with in the following pages. 


ELASTICITY 


207. Elasticity :—It is an inherent general property of all kinds 
of matter : solids, liquids and gases. Tt is that property in virtue 
of which a body offers resistance to any change of its size or shape, 
or both, and can resume its original condition when the deforming 
force is removed. 


A body resumes its original condition after the removal of the 
deforming force provided the deforming force does not exceed a certain 
maximum limit, called the limit of elasticity or the elastic limit. 
Tf it exceeds that limit, the body will not completely recover its 
original size or shape when the deforming force is removed. ‘The 
force in this case is said to have exceeded the limit of elasticity. 

208. Some common Terms used in connection with 
Elasticity :— 

Strain.—When a force or a system of forces acting upon a body 
produces a relative displacement between its parts, a change in size 
or shape or in both may take place. The body is then said to be 
under strain. The strain produced in a body js measured in terms 
of the change jn some measure of the body, such as its length, or 
volume and so on, divided by the total measure. Strain is thus 
the ratio of two like quantities, and is a pure number without 
dimensions and has no unit for it. 
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Stress.— When a body is strained, internal forces of reaction are 
automatically set up within the body, which act in the opposite 
direction, due to which the body tends to return to its original size 
and shape on withdrawal of the deforming forces. This restoring force 
is called the stress. It is numerically equal to the deforming force, 
according to Newton’s law of reaction, as long as the strain produced 
is within the elastic limit. 


The stress or a component of it, which acts normally to any section 
of a body, is called a normal strees to that section and that stress 
or a component which acts parallel to any section of the body, is called 
a tangential stress on that section. 


The stress intensity or simply the stress is measured by the 
force per unit area of a section and, when uniform, is obtained by 
dividing the total force by the total area over which it acts. 


Perfectly Rigid Body.— A perfectly rigid body is defined to be 
such that no relative displacement between its parts takes place 
whatever force is externally applied to it. Nobody is known to be 
perfectly rigid, though glass, steel, ete. are nearly so. 


Perfectly Elastic Body.—If a body perfectly recovers its 
original Size and shape, when the deforming force acting on it is 
withdrawn, it is said to be perfectly elastic. No such body is known 
for all values of stress. A body, however, behaves as perfectly elastic, 
when the deforming force does not exceed a certain limiting 
maximum) value, called the elastic limit of the body whose value 
depends on the nature of the material of the body and the nature of 
the stress. 


Elastic Limit— A body behaves as Perfectly elastic only as long 
as the deforming force acting on it does nob exceed a certain 
maximum value depending on the nature of the substance and the 
nature of the stress. This limiting value of the stress is called the 
elastic limit of the material of the body for that type of stress.* 
A high elastic limit is possessed by steel and a low one by lead. 


209. Load-Extension Graph :—Tho elastic behaviour of a 
solid, particularly that ofa metal, such as mild steel, when subjected 
fo deforming forces ranging from low values to high values exceed- 
ing the elastic limit, is well illustrated by what is known as a 
load-extension graph as shown in Fig. 118. In obtaining the 
experimental values for such a graph, a wire of the material may 


*Various theories have been suggested as to when the elastic limit is 
reached by a body. Is it when the stress developed attains a limiting value 
or the strain a definite value for the substance, etc. ? 
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be taken and clongated by hanging weights (called the load) from it, 
as in experiments described in Art. 219. 


d 


a c WAIST 


LOADS 


EXTENSIONS = 


Fig. 118 


On commencing to load the specimen and noting for each 
increment of load the extension (change in length from the original) 
produced, it is found that a straight line is obtained when the loads 
and extensions are plotted. This straight line continues up to a 
point a [Fig. 118, left], but beyond æ the graph becomes slightly 
curved. Up to the point a, the load is proportional to the extension. 
The next point b marks the elastic limit for the material, and is so 
called because if we do not exceed b, the material shrinks back 
to its original length if the load is taken off, and the manjaria] has 
not lost its elastic properties even in the least. The points and b 
may, for all practical purposes, be regarded as one and the same 
point, as indeed they sometimes are, unless very accurate tests 
are intended. Very soon after the point b, the elastic limit is 
exceeded, a considerable amount of extension of the material takes 
place even though the increase of the load on the specimen is quite 
small. The point ¢ which marks the limit ofthis stage of the spoci- 
men is termed the yield point. It is often named the commercial 
elastic limit in commercial testing of materials. After passing the 
point c, the material seems to regain its strength somewhat, as it is 
found that further additions of load are required for further extensions 
to be produced. The maximum or ultimate load, from which 
the ultimate stress is calculated, is roached at the point d, and 
beyond this the specimen relieves itself of load by rapid stretching, 
whereby a ‘waist’ (right diagram, Fig. 118) or local contraction 
develops at some part of the material where finally fracture occurs. 
The position of the material where it will occur is, however, 
unpredictable. The waist is quite pronounced in ductile materials, 
and small for brittle ones. i 


The part of the extension up to the elastic limit b is termed 
elastic deformation, and the remaining part from b to e is termed 
non-olastic or plastic deformation. 


210. Factor of Safety :— Material with which machines 
and structures are made are often subjected to stresses, other than 
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fa TER piressea, which cannot be always predetermined. To avoid 
E REO Structures, designers therefore choose as a measure 
th re Working stress for the material, which is much below 
3o ultimate corresponding to point d in Fig. 118, for 
3 Th . ultimate stress 

design purposes, azara working stress 
vin factor of Safety. The working stress so taken must also be less 
nan the clastic limit stress so that no permanent deformation may 


take place in any part of the material, 
211, Different Kinds of Strain :— 


a) Longitudinal (or Tensile) Strain—When a body is 
acted on by a stretching (or compressive) force, the fractional 
sncrease (or decrease) in the length in the direction of the force is 
called longitudinal or tensile strain. The corresponding stress is called 
longitudinal or tensile stress. Thus, if due to stretching or compres- 
sion, ¿~ the change in length of a bedy of length Z, 


Stress 


the material, for is termed 


the longitudinal (or tensile) strain = A 


Tt being a ratio of two lengths is a pure number haying no unit 
for its measurement. Only solids can have such strains. 


d by a lateral contraction in all directions at right angles to the 
ection of applied force. It is found that this lateral strain is 


5 lateral strain ‘ i 
t. e. = ’ 
i ngitudinal strai o, à constant, called the Poisson's Ratio, 


whose value depends only on the nature of the material in question 
and not at all on stress applied provided it is within the elastic 
limit. Poisson's Ratio for a stretching force is the same as that for 
compressive force in which case there is lateral expansion. 


(2) Volume (or Bulk) Strain.—In such strains there is a 
change in volume only without any change in shape. This takes place 
when a body is subjected to a uniform pressure acting normally at 
every Point on its surface. The corresponding stress (force per unit 
area) is called the yolu-ne stress. If V be the original volume of a 
body and v, the change produced in the volume. 


volume strain = z 


It is a pure number and has no unit for its measurement. Volume 
strain, eyen for very large deforming forces, is small for solids and 
liquids, while in the case of gases even a very small force produces 
à very large volume strain. 


PROPERTIES OF MATTER 187 


: (3) Shearing Strain (or Shear).— When the strain produced 
in a body is such that there is only change in shape or form of it but 
no change in yolume, it is said to be a shearing strain or simply a 
shear. It is a special property of solids only because they only have 
a definite shape of their own. 


Suppose a rectangular block, ABCDEFGH, [Fig. 118(a), left], 
of a solid has its bottom face CDEH fixed to a horizontal platform. 


Fig. 118(a) 


If a force P be now applied so as to act uniformly and tangentially 
over the face (area=4) in the direction shown, this face (section AB) 
will be displaced, suppose, to the position represented by the section 
A'B in Fig. 118(a), right, relative to the face CDE H represented by 
the sction CD, the block assuming a rhombic form. The material of 
the block suffers a change in shape only without any change, in volume. 
The strain produced in this case is a case of shear and is measured 
by the angle ADA' (=@=the angle BCB’) which is called the angle 
of shear. Let 44’ be x and AD =b, then (`~ @ is small), 


shearing strain =@=tan 0= E 


_ relative displacement of two planes of the body 
distance of separation of the two planes 
= relativo displacement for planes at unit distance apart 


= displacement gradient. 
The corresponding stress, which is tangential to the surface is called 
the shearing stress and is given by P/«. 
212. Hooke’s Law :— This is the basic law of elasticity. It 
was established in 1678 by Robert Hooke of England. 


In the original language, the law was stated as ‘ut tensio sic vis’, 
which means that the stretching is proportional to the force producing 
it. The law is true for all cases of elastic deformations, provided the 
deformations are small. Some elastic deformations of different kinds 
in the case of solids, such as stretching, compressing, bending, twisting, 
etc. are illustrated below. 
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normal stresses, which cannot be always predetermined. To avoid 
failure of Structures, designers therefore choose as a measure 
of safety a working stress for the material, which is much below 
the ultimate stress corresponding to point d in Fig. 118. for 


; ; . ultimate stress . 

— ml t d 
the material, for design purposes. The ratio Oin ies is terme 
the factor of safety. The working stress so taken must also be less 
than the elastic limit stress so that no permanent deformation may 
take place in any part of the material. 


211. Different Kinds of Strain :— 


(1) Longitudinal (or Tensile) Strain—When a body is 
acted on by a stretching (or compressive) force, the fractional 
increase (or decrease) in the length in the direction of the force is 
called longitudinal or tensile strain. The corresponding stress is called 
longitudinal or tensile stress. Thus, if due to stretching or compres- 
sion, |= the change in length of a bedy of length L, 


the longitudinal (or tensile) strain = t 


It being a ratio of two lengths is a pure number having no unit 
for its measurement, Only solids can have such strains. 


Poisson’s Ratio.— When a body is acted on by a stretching force, 
the extension in the direction of the applied force is always accom- 
pained by a lateral contraction in all directions at right angles to the 
direction of applied force. It is found that this lateral strain is 
proportional to the direct strain, 


fi; lateral strain _ atti ; 
t. e. longitudinal strain ® 2 COmStant, called the Poisson's Ratio, 


whose value depends only on the nature of the material in question 
and not at all on stress applied provided it is within the elastic 
limit. Poisson’s Ratio for a stretching force is the same as that for 
a compressive force in which case there is lateral expansion. 


(2) Volume (or Bulk) Strain——In such strains there is a 
change in volume only without any change in shape. This takes place 
when a body is subjected to a uniform Pressure acting normally at 
every point on its surface. The corresponding stress (force per unit 
area) is called the volu-ne stress. If V be the original yolume of a 
body and v, the change produced in the volume. 


: v 
volume strain = y 


It is a pure number and has no unit for its measurement. Volume 
strain, even for very large deforming forces, is small for solids and 
liquids, while in the case of gases even a very small force produces 
a very large volume strain. 
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i (3) Shearing Strain (or Shear).—When the strain produced 
ina body issuch that there is only change in shape or form of it but 
no change in volume, it is said to be a shearing strain or simply a 
shear. It isa special property of solids only because they only have 
a definite shape of their own. 


Suppose a rectangular block, ABCDEFGH, [Fig. 118(a), left], 
of a solid has its bottom face CDEH fixed toa horizontal platform. 


Fig. 118(a) 


If a force P be now applied so as to act uniformly and tangentially 
over the face (area=«) in the direction shown, this faco (section AB) 
will be displaced, suppose, to the position represented by the section 
A'B' in Fig. 118(a), right, relative to the faco CDEH represented by 
the sction OD, the block assuming a rhombic form. The material of 
the block suffers a change in shape only without any change in volume, 
The strain produced in this case is a case of shear and is measured 
by the angle ADA’ (=0=the angle BCB') which is called the angle 
of shear. Let AA’ be æ and AD=8, then(".” @ is small), 


shearing strain = 0=tan 0= a 


_ telative displacement of two planes of the body 


distance of separation of the two planes 
=relative displacement for planes at unit distance apart 


= displacement gradient. 
The corresponding stress, which is tangential to the surface is called 
the shearing stress and is given by P/«. 
212. Hooke’s Law :— This is the basic law of elasticity. It 
was established in 1678 by Robert Hooke of England. 


In the original language, the law was stated as ‘ut tensio sic vis’, 
which means that the stretching is proportional to the force producing 
it. The law is true for all cases of elastic deformations, provided the 
deformations are small. Some elastic deformations of different kinds 
in the case of solids, such as stretching, compressing, bending, twisting, 
etc. are illustrated below. 
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In stretching, two cases of extension, (i) of a straight wire (Fig. 
119, left) and (ii) of a spring (Fig. 119, right) have been depicted 
under a load m, when for the streching force, F= mg, a length E has 
been shown to be extended through 7. According to Hooke’s law, L= F. 


x 
LoF 
F=mg F=mg 
Stretching 
Fig. 119 


In bending, a straight bar (Fig. 120, left) fixed at an end has been 
shown to be deflected downwards at the other end through a vertical 
distance d from its original horizontal position due to a vertical load 
exerting a force, F. The fibres of the bar along the top surface aro 
extended while those at the bottom surface are compressed. Some- 
where in the bar there is a surface along which there is neither any 
extension nor compression of the fibres. This surface is usually called 
a neutral surface; in the unstrained position, the neutral surface is 
horizontal. According to Hooke’s law, d= F. 

In twisting or torsion a horizontal rod (Fig. 120, right) clamped 
at one end and a force applied tangentially at the other producing 
an angular displacement (i.e. twist) 0, has been depicted. According 
to Hooke's law, the twist, © is proportional to the torque. 


| 
docF @ oF rome 


Bending Twisting 
Fig. 120 


or 0=(F'xr), where F(=mg)=a vertical downward force acting 
tangentially at a distance r from the axis of the rod, where ris a 
constant, or ec F'-emg. 


~ 
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‘Thomas Young modified the statement of the Hooke’s law and 
it is his definition which is accepted at present as Hooke’s law, the 
meaning of the law being the same. 


213. Young’s Definition of Hooke’s Law :— Within the elastic 
limit, stress is proportional to strain. 


stress 


eine © constant= E, (say). 


That is, within the elastic limit, 


This elastic constant is called the Modulus ( or co-efficient) of 
elasticity of the material of a body. As strain is a pure number 
the co-eflicient of elasticity is measured in the same unit as that of 
stress and is expressed in dynes/cm.” or lbs, or tons per sq. inch. 


The law, as was pointed out before, holds good for all cases of 
strain, such as tensile, volume, twisting, bending, etc. But for 
different cases of strain, the moduulus has a different value and is 
differently named. Thus, 


tensile stress 


(i) Young's modulus = tensile strain ’ 


— volume strees 


(ii) Bulk modulus =~ "yon strain’ 


_ Shearing stress_ 


(iii) Rigidity modulus= Fearing Sirain 


214. Table of Elastic Constants :— 


| 
| Young’s Rigidity Bulk 
Substance | Mondulus Modulus Modulus 
(dynes/em.*) (dynes/cm.*) (dynes/cm.?) 
en | real 
Copper | 12:5 x 1011 4x101 143x101 
Iron (wrought) | 195x1011 8x101 146x1011 
Steel 20x101 | 8:5 x 101 18:1 x 1011 
Glass (Aint) —_| ssx | 23x101 37x101 
| | 
Water | | 0:205 x 100 
Mercury | | 2:6 x 1010 
aaasta 
The large number, as shown above, needed to express the elastic 
moduli are, in the first place, due to the very small unit (dyne/em.?) 


in which the stress is measured. Secondly, really very large forces 
are needed to produce appreciable strains in solids. About 1400. 
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atmospheres are required to bring about a volume decrease of 0'1% 
in copper. 


215. Steel more elastic than India-Rubber :—As stress/strain 
=modulus of elasticity, a large modulus of elasticity, for a body 
means that a large force is necessary, i.e. a large stress is developed 
within the body, in order to produce a given strain in it. The 
modulus of elasticity is by far greater for steel than for India-rubber 
and so the stress developed, in order to produce a given strain, is far 
greater in steel than in India-rubber. In scientific definition, a body 
A is said to be more elastic than another body B, if the stress 
developed in the former is greater than that in the latter, when the 
same strain is produced in either. That being so, steel is far more 
elastic than India-rubber. For similar reasons, glass is more elastic 
than steel. 


216. Verification of Hooke’s Law :— Hooke’s law may be easily 
verified in various ways of which one method is by spring-balance. 
By placing different weights on the pan and noting the corres- 
ponding elongations, a graph can be plotted with load and ex- 
tension. The law will be verified, if the graph is a straight line 
[wide Art. 199]. It should be noted that the elongation is propor- 
tional to the load within the elastic limit. 


217. (i) Young’s Modulus :— According to Hooke’s law applied 
to longitudinal elasticity, longitudinal stress divided by longitudinal 
strain is a constant quantity for a solid within the elastic limit. This 
constant, which is the co-efficient of longitudinal (tensile) elasticity, 
is called Young’s modulus in honour of Thomas Young of England. 


Thus, if F be the force which acting in the direction of a length 
L of a wire of cross-section A stretches it by a small length J, then 
the stress=force per unit area=F/A=F/nr*, where r is the radius 


of the wire; and the longitudinal strain=elongation per unit 
length=1/Z. 


lop? 
<. Y(Young’s Modulus) = vim = ae dyne per sq. em. 
(or Tbs.-weight or tons-weight per sq.inch). 


(ii) Bulk Modulus.— It is the coefficient of bulk (i.e. volume) 
elasticity. If V be the velume of a body which is increased or 
diminished by an amount v when subjected to a uniform pressure p 
stretching or compressive) acting from all sides on the body, the 
bulk (or volume) strain=»/V, and the bulk stress=p, 


«. Bulk modulus=p > =——  dyne/em.*, or Ibs,-weight 
or tons-weight per inch.’ P 
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(iii) Rigidity Modulus— It is the co-efficient or modulus of 
shear elasticity. That is, rigidity modulus. 5 


_ Shearing stress 
shearing stain 
Thus in the case of the shear described in Art. 211 under sub- 

Pia _ Plk 

0 ab” 


=, Say. 


section (3), n = 


218 Modulus of Elasticity and Young’s Modulus distin- 
guished :— 


stress 
strain 


According to Hooke’s law, =a constant, within the elastic 
limit. The general name for this constant for all cases of strain is 
the modulus ‘or co-efficient) of elasticity. When particularly the 
stress is such that the strain is a tensile one, this co-efficient is 
called Young’s modulus. Thus Young's modulus is the modulus of 
longitudinal (or tensile) elasticity. That is, the former is a general 
name for all co-efficients while the latter is a particular co-efficient, 
namely the co efticint of longitudinal e'asticity. 


219. Determination of Young’s Modulus for a Wire :— 
(i) Vernier Method.— The extension of a wire, 
when stretched by a lord, being very small, a straight 


q À (S 
vernier may, with advantage, be used as follows, to 
measure it in determining the Young's modulus :— All dB 
Two equal lengths (Fig. 121) are cut from the 
sample of the given wire and are suspended close to 
each other from the same rigid suppert 0. One of s 
them, A, called the auxiliary wire, carrying a fixed 
Ww 
F 


scale S has got a heavy load W attached to it to keep 
jb straight and free from kinks. The second wire, B 
(the experimental wire), carries a hanger on which any 
desired weight, F, may be placed. A vernier, V, 
mounted on the wire B can slide along the scale S. 
First, calculate theoretically the breaking weight 
(vide Art. 220) of the wire. This is obtained by multi- 
plying the area of cross-section of the wire with the 
breaking stress for the metal of which the wire is made. 
In practice, care must be taken never to add on the Fig. 191 
hanger more than half the ‘breaking weight’. This is E 
the maximum permissible weight and stands for the elastic limit. 


Now place on the hanger this maximum permissible weight and 
for a few minutes allow the wire to remain stretched with it. Then 
remove the greater part of the weight leaving only just enough to 
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keep the wire taut and free from kinks. This may be called the 
initial load. Take the scale and the vernier reading at this load. 
This is the initial reading. 


Then increase the load by + kgm., and again note the reading. Go 
on increasing the load by steps of + kgm, and note the reading for 
each load up to the maximum 
03 3 permissible load. This is the 
point beyond which Hook's law 
does not hold. Now reduce the 
l load by equal amounts (i.e. by 
: $ kgm.) till the initial load is 
HEHEH reached, noting the reading in 
- each case. Take the mean of 
the readings for inereasing and 
decreasing load for each load. 
This mean gives the probable 


Q 


S 


ELONGATION (CMS) 
H 


4 real reading corresponding to 

LOAD (KILOGRAMS) that load. The two sets of read- 
ings should closely agree, but 

Fig. 122 if they differ appreciably, it is 


possible that the wire has been stretched beyond the elastic limit, 
in which case the experiment should be repeated with a new wire. 


Measure the diameter of the wire very accurately with a micro- 
meter screw-gauge at several places along the length of the wire 
(from the point of suppprt to the zero of the vernier) and in doing so 
readings should be taken twice in right-angled directions at each 
place. Find out the mean radius r from the above. 


Tabulate the readings against the corresponding loads and find 
out the elongations for the various loads by subtracting the reading 
corresponding to each load from the initial reading. Then plot a 
curve with loads as abscissm and the corresponding elongations as 
ordinates (Fig. 122). The graph should be a straight line passing 
through the origin meaning thereby that the elongation is zero for zero 
load. Hooke’s law is verified, if the graph is a straight line. 


From the graph find out the elongation J corresponding to any 
suitable load, Say m grams. Measure the length L of the unstreched 
experimental wire from the point of suspension up to the point where 
the vernier is attached. Then, 


F/zr? mg/zr® 
Young’s Modulus= TL mL dyne Jem’, 


Note.— (a) As the wires hang from the same support, any yield 
of the support will affect both the wires similarly and so there will be 
no relative motion of V over S due to this cause. 
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3 (b) As the two wires are made of the same material, any varia- 
tion of temperature will affect both the wires by equal amounts and 
so the readings will not be affected. 


Gii) Searle’s Method.—This method and the ‘Vernier Method’ 
are exactly identical except in the process of measurement of the 
extension in length. A straight vernier is used in the ‘Vernier 
Method’ to measure the extension of the wire when stretched, while 
in Searle's apparatus a screw-gauge is adapted for the same purpose. 
The accuracy reached in this latter method is greater since a screw- 
gauge is more accurate than a straight vernier. 


In Searle’s apparatus (Fig. 128) each of the two wires, tho 
comparison wire A and the experimental wire B, carries a brass 
rectangle from the lower ends of 
which weights can be hung. A 
spirit level D is put across from 
one rectangle to the other. It 
turns freely round a hinge G at 
one end and the other end rests on 
the point of an accurately cut 
vertical screw O of small pitch, 
working in the same vertical line 
as the experimental wire B. The 
screw carries at its lower end a 
cylindrical head H whose cir- 
cular edge is uniformly divided 
and forms a circular scale. The 
pitch of the screw is usually 1 mm. 
and the circular scale is divided 
into 100 divisions. As the head 
of the serow is turned, the cir- 
cular scalo moves across a short 
vertical scale S. Thus, if the 
head is turned through 1 circular 
scale division, the point of the 
screw moves upwards or down- 
wards through 0°01 mm. Fig. 128—Searle’s Apparatus. 


The method of use of the apparatus is as follows : The air- 
pubble in the spirit level is brought to the middle of it by turning 
the cylindrical head and a reading is taken by the help of the linear 
and the circular scales. Now, when a given weight is hung from 
the experimental wire B, it extends downwards and the spirit level 
will he disturbed. Slowly and carefully the screw is turned to raise 
jts point till finally the bubble is brought to the middle again. The 
number of circular scale divisions through which the head of the 
screw is turned? is used to calculate the extension of the wire under 


a given load. 
Vol. I—18 
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Examples. (1) A rubber cord of 0:2 cm. radius is loaded with 13 kgms 
weight. Length of 50 cm. is found to be extended to 51 cm. Calculate the 
Young’s modulus of rubber. 

Here the pulling force F=13 x 1000 x 981=12,753,000 dynes. 

Stress=12,753,000+, x (0°2)% Strain=(51—50)+50=0°02 ; 

s = 12,753,000 dyne per sq. cm.=05x1019 dyne per sq. cm. 

Sei m x (0°2)? x002 EFIR eA 

(2) A mass of 20 kgm, is suspended from a vertical wire 600°5 cm, long 
and I sq. mm, in cross-section. When the load is removed the wire is found 


to be shortened by 0'5 cm. Find Young’s modulus for the material of the wire. 
(C. U. 1938) 


Pulling force F=20x1000x981 dynes. 
Stress=F/ (area of cross-section) = (20 x 1000 x 981) + (0:01) 
=1'962x10® dyne per sq. cm. 
1962 10° 
105 


Pe Oe ye Lad 

(60075 0°) ~1200 ° 

= 1200 x 1'962 x 10° =2°3544 x 10'* dyne per sq. cm, 
220. Properties peculiar to Solids :— 


Strain =]/L= Young's modulus Y= 


Duetility.—TIt is the property of a solid in virtue of which it can 
he drawn into fine wires; the finer such wires can be, the greater is 
the ductility of the material. Quartz and platinnm are so ductile that 
wires having diameter as small as 0°01 mm. can be drawn out of 
them. Ductility increases with temperature. 


Malleability—It is the property in virtue of which metals can 
be hammered into thin leaves. Gold, silver, lead, ete. are good ins- 
tances of malleable substances. Lead is a malleable metal but not 
ductile, as it cannot be drawn into fine wires. 


Of all pure metals, gold is the most malleable, so much so that 
eyen 30,000 such leaves to the inch can be had. Solids become more 
malleable when hot and this makes the rolling of metals into shests 
possible. 


` Rigidity.—It is the property of a solid in virtue of which it 
can resist externally impressed forces tending to change its shape. So 
by virture of this quality a solid keeps its own form, unless subjected 
to a force exceeding its elastic limit. Rigidity of a solid decreases 
with the increase of temperature. 


Tenacity.— Tt is the property of a solid in virtue of which, when 
in the form of wires, it can support a weight without breaking. The 
weight required to break.a wire is called its breaking weight, and is 
the measure of the tenacity or tensile strength of the material of 
the wire. 


Wrought-iron has more tenacity than cast iron; and the steel 
pianoforte wire is the most tenacious of the three. 
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Hardness.—It is the property of a solid in virtue of which it 
offers resistance to being scratched by others. Diamond is the 
hardest known substance, while glass and steel are harder thin many 
substances. The hardness of a solid decreases with increase of 
temperature. 


There is no meaning for the absolute hardness of a substance. It 
is a relative property. A scale of hardness cin be prepared by arrang- 
ing all solids according to their relative hardness; one such seale is 
Mohr’s scale of hardness, in which a solid anywhere in the scale is 
more hard than that follows it, but less hard than that precedes it. 


Hardness must arise from the elastic property of a solid, which, it 
must be noted, varies considerably with the previous ‘history of the 
material’. Take, for instance ‘tempered steel’ which is nothing but 
ordinary carbon steel only heated to redness and then suddenly 
cooled by plunging into water. The process is called tempering, due 
to which steel becomes harder though a little more brittle too. But 
if the red hot metal is allowed to cool slowly, the metal becomes 
much softer, the technque being called, ‘annealing’. 


Hardness Testing Machine.—Ons method of testing the hardnes 
of a material is by the Brinnel Hardness Tester, in which a steel 
ball is pressed under a given force upon a plane surface of the material 
whereby a depression in the form of a cup is formed in the body. 
The arer of indentation is taken as a measure of the hardness of the 
material. 


Brittleness.—It is the property of a solid in virtne of which it 
can be broken into pieces by mechanical shocks such as by stroking, 
hammering, etc. Glass, Porcelain, China clay, though very hard, are 
brittle. All solids are not brittle but very hard solids generally are. 
By tempering, when solids ara hardened, their brittleness increases 
too. Thus tempered steel, though very hard, is brittle. Molten glass 
beads when suddenly cooled by water are rendered so brittle that 
they can be crushed to fine powder at the mildest blow. Ruperts drops 
arə such drops. To reduce the brittleness of substances like glass, 
steel, ete. annealing, which is a process of slow cooling, is adopted. 
Shock-proof ¢lasswares are now-a-days manufactured by allowing molten 
glass to cool very slowly over days together.— 


221. Properties peculiar to Fluids :— 


Diffusion. The phenomenon of inter-mining of two liquids or two 
gases, sometimes even in opposition to gravity, is called diffusion. 


Expt. 1.—Keop a strong potash permanganet solution (a coloured 
liquid), at the bottom of aglasstumbler. Pour water (by the sides 
of the tumbler) slowly and carefully, without disturbing the solution, 
It will be observed that the coloured solution, though hewier than 
water, gradually works up and finally after some time, spreads out 
uniformly throughout the whole mass. 
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Similarly, if a few crystals of copper sulphate are placed at the 
bottom of a glass-tumbler filled with water, the characteristic blue 
colour of the sulphate is observed to rise slowly, showing the diffusion 
of the sulphate molecules upwards. The phenomenon cannot be 
argued to be due to buoyancy for the sulphate is heavier than water. 


Expt. 2.— Take a jar filled with a light gas like hydrogen, the 
jar being closed by a lid. Take another jar filled with a heavy gas 
like carbon-dioxide, also closed by a lid. Invert the former jar over 
tha latter and take away the lids. Wait for sometime and it will be 
found that an intimate mixture of the two gases has been formed, as 
may be proved by analysis. The travel of the hydrogen molecules 
downwards and of the heavy carbon-dioxide molecules upwards are 
contrary to the principle of gravity and are characteristic of diffusion. 


222. A Simple Explanation of Diffusion :—Molecules of all 
fluids, according to the Kinetic theory (vide Chapter IV, part ID) are 
in spontaneous motion in all possible directions irrespective of gravity 
and as such inter-mixture between two fluids can take place spontane- 
ously. In gases the molecular motion is much more vigorous than 
jn liquids and so gaseous diffusion is much quicker than liquid 
diffusion, 


223. Viscosity :—A rod held fixed at one end and twisted by the 
other can resume its original shape when the turning foree (which 
js a tangential force and is called a shearing force), is withdrawn. 
This is possible due to an inherent property of a solid known as its 
rigidity. All solids can stand shearing forces, though up to a maxi- 
mum limiting value only. 


But this limiting value is very high for the solids. The fluid differ 
in this respect from the solids. They cannot stand any shearing forces 
and so they have no definite shape of their own. This difference in 
behaviour arises from the fact that the interacting forces between 
molecules, known as cohesive forces, in a liquid are very much less 
than in a solid, while they are negligible in the case of gases. 


Tf water in a pot, after stirring, is left for sometime, the motion 
of the water ‘subsides. This is a very common observation. What 
stops the motion? An enquiry into the question reveals that in a 
fluid, whether liquid or gas, when any relative motion between parts 
of the fluid is caused, internal forces are set up in the fluid which 
oppose the relative motion between the parts in the same way as the 
forces of friction operate when a block of wood js dragged along the 
‘ground. In short, a less quickly moving layer of the fluid exerts a 
retdyding force on the more quickly moving layer, the motion of the 
latter being thereby reduced while that of the former accelerated and 
in this way the relative motion between the two gradually decreases 
till finally it stops altogether with respect to the walls of the stationary 
pot in which the water is contained. 
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The property in virtue of which retarding forces are called into 
play within a fluid when any relative motion between its parts occurs, 
is an inherent property of all fluids, differing only in degree from one 
fluid to another, and is termed the viscosity of fluids. 

Co-efficient of Viscosity.— A measure of the viscosity of a fluid 
ig given by what is termed the co-efficient of viscosity. The co- 
efficient of viscosity is defined as that tangential force applied per 
unit area which will maintain a unit relative velocity between layers 
of a fluid at unit distance apart. 


Consider two layers AB and CD jn a fluid, distant @ apart 
(Fig. 124), both moving for- 
ward.in steady motion such 
that while still remaining 
parallel to each other, the 
layer AB moves faster than 
the layer CD, the former, 
having a relative velocity 
» with respect to the latter. 
A driving force, parallel to 
AB and directed from 4 Fig. 124 
to B, will be necessary to maintain this flow. On account of 
the viscosity of the fluid, the driving force acting on AB will be 
opposed by force F, called the viscous force, exerted by the layer 
CGD on AB. The layer AB will also exert a force F on OD 


tending to accelerate the motion of the latter. According to Newton, 


the stress z, where 4=area of either layer, is proportional to the 
velocity gradient, aaa (i.e. the relative velocity per unit diitance) or 


F/4= eo where 7 is a constant called the co-efficient of viscosity of 
the fluid whose value depends on the nature of the fluid and its 
temperature. 

Fix _ 


That is, the viscosity co-ellicient, at =yiseous stress inten- 
sity per unit relative velocity. 


224. Viscosity is a Relative Term :— When water is poured into 
a funnel, if runs out quickly but glycerine or thick oil does so slowly 
and treacle much more slowly. Ordinarily, the liquids like water 
which flow readily are termed mobile, while those of the treacle type 
which do not flow so readily are termed viscous. This does not 
mean that water has no viscosity. Its viscosity is only small. For 
treacle, it is very much greater. That js, these terms are used in our 
common language in the relative sense. It should be remembered 
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that the gases, as a class, are much less viscous than the liquids 
while a particular gas may be more viscous than another. 


Viscosity and Kinetic Friction.— They have a good deal of 
similarity between them though they differ in one important respect. 
The latter is independent of the magnitude of the relative motion 
of the contacting bodies, whi'e the former is not. The forces due to 
viscosity are proportional to the relative motion upon a velocity, 
called the critical velocity (whose value is fixed for a fluid) according 
to Prof. Osborn Reynolds (vide Art. 226). 


Viscosity may be regarded as Fugitive Elasticity.— A liquid 
may be regarded as capable of exerting and sustaining a certain 
amount of shearing stress (which is quite small) for a short time after 
which the shear breaks down only to appear again. The idea is due to 
Maxwell. He regards viscosity as the limit- 
ing case of an elastic solid when the 
material of the solid breaks down under 
shear. It is from this standpoint that 
viscosity is often referred to as fugitive 
elasticity. 

225. Demonstration of Viscosity :— 


(1) For a Liquid.— Two identical wei- 
ghts are dropped at the same time, one into 
water and the other into glycerine (Fig. 
125). In water the weight descends more 


Water Glycerine quickly than in glycerine showing that the 
viscous drag in glycerine is greater than 
Fig. 125 in water. 


(2) For a Gas.—A card-board dise A suspended from a rigid 
support by a thread attached at its centre is held in air just above 
but not touching a wooden disc B as shown in Fig. 126(a). When 
the disc B is rapidly rotated, the ıņp]e7 dise also $ 
is urged into rotation in the same direction as that 
of the lower disc. This is possible only because 
air has viscosity. 

226. Stream-line Motion ond Turbulent 
Motion :— If the path of every moving particle 
of a fluid coincides with the line of motion of the 
fluid as a whole [Fig. 126(b). left], the motion A 
is said to he a stream-line motion. ead SS 

If the motion of the particles of a fluid is B 
disorderly, i.e. in directions other than the line ape 
of motion of the fluid as a whole, the motion 
is said to be turbulent [Fig. 126(2), right]. 

In stream-line motion, under a given pres- 
gure gradient the flow of a liquid through a narrow Fig. 126(a) 
tube is decided mainly by its viscosity, whereas in turbulent motion 
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it is solely governed by its density and very little by viscosity. 
‘According to Prof. Osborne Reynolds the motion of a fluid changes 
from stream-line motion 
to turbulent motion, if 

a certain velocity, whose pa es 
value is fixed for it for & -cro-o-oro-e-ororo-orere- 
given temperature, call- §$£—————— 
ed its critical velocity, Streamline metion 

is exceeded. Fig. 126(b) 


227. Nature of Flow of a Liquid in some important Cases :— 
(i) Slow Steady Flow of Water in a River.—Slow steady flow 
here means stream-line motion. In such motion, it is found from 


flow-measurements that the speed of motion ig maximum (vm) at the 
top surface of the 


Un Top of water in the river and 

; water surface reduces gradually with 
ere the depth below, and 
Oe finally to almost zero 
SS es ee speed vo at the bot- 
ee | a Bed of river tom or bed of the river 
(Fig. 127). The idea is 

5 that the whole mass of 

Fig. 127 moving water may be 


taken as consistsng of a very large number of thin parallel layers in 
which each upper layer slides over that below it. Because of the 
adhesive forces, the rigid bed of the river almost prevents the bottom- 
most layer of the water from moving; this almost stationary layer 
owing to interacting forces, called cohesive forces, tries to hold back 
the layer above it with a force which is less than in the previous layer. 
This layer again tries to hold back the layer above it; all the way 
up the resistance to motion of a layer diminishes. So the speed of 
motion of the liquid is maximum at the top and reduces downwards. 
The mechanism of flow as stated above shows how viscosity actually 


acts in determining the type of flow. 


(ii) Flow of a Liquid through a Narrow Tube.—In _ stream- 
line motion of a liquid through a narrow tube (Fig. 128), the speed 
of flow is maximum (vm) along the axis of the tube and reduces - 


gradually radially outwards, 
falling almost to zero at the 
wall of the tube. Here the 
whole cylindrical mass of the 
moving liquid may be thought 
of as consisting of a very 
large number, of successive 
thin cylinders co-axial with the 
tube, the cylinders in contact 
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with the wall being held almost stationary by adhesive forces while 

each inner cylinder continually 

M slipping away relative to the one 

just outside it more and more 

quickly as it nears the axis of 
the tube. 


228. Determination of the Co- 
efficient of Viscosity of Water :— 
Poiseuille’s Method.—A long 
capillary tube ©, say ofa 
, length l, and internal radius r, is 
=| fixed horizontally at a depth h 
= below the level of water in a 
$ large vessel A Fig. ( 129). The 
Fig. 129 level of water in the vessel A is 
kept constant by the inlet pipe M which-supplies water to it from a 
raised reservoir and the outlet pipe N which drains out the excess 
water when the level exceeds its top. If the velocity of flow does 
not exceed the critical velocity, the volume V of water collected at 
the end of the capillary tube in ¢ seconds will be given by the following 
equation due to Poiseuille, 


4 
Kraan where ^= co-efficient of viscosity of water, p= hydro- 


static pressure at the level of the capillary tube=h.?.g., where 
p= density of water. 


229. Practical Importance of Viscosity :—The nature of the 
viscous resistance offered by soa-water to a ship in motion, that of 
air to a çar or aeroplane in motion, ete. are important factors governing 
the design of such crafts. The quality of the fountain pen ink 
depends largely on its viscosity. Viscosity of lubricants is a decisive 
factor in its use. The normal circulation of blood through our 
yeins and arteries is dependent on the viscosity of the blood. Thus, 
viscosity plays a yery important part in various ways. 


230. Properties peculiar to Liquids :— 


Osmosis.— The process of diffusion is strikingly modified if two 
liquids are separated from each other by certain membranes. The 
following simple experiments will illustrate this fact :— 


Expt. 1.—A pigs bladder is filled with alcohol and placed in 
water. The bladder gradually swells in size and finally bursts. Con- 
versely, if. the bladder is filled with water and placed in alcohol, the 
yolume of liquid in the bladder gradually decreases. 
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Expt. I.—Suppose a thistle funnel, F (Fig. 130), has its wide 
lower end closed with a perchment paper and js immersed, perch- 
ment down into water contained ina bowl. A 
strong solution of sugar in water is poured into 
the tube until the liquids stand at the same 
level both inside and outside. Wait for some 
time when it will be found that the liquid level 
in the tube rises and stand at some higher leyel. 
‘A Traube’s Copper-ferrocynide membrane acts 
better than parchment paper as a partition wall 
in similar experiments. 


What happens, in these experiments is as 
follows : In Expt. I, a pig's bladder is such that 
water molecules can pass through it while those 
of alcohol cannot. In Expt. II, a perchment 
paper is such that molecules of water can pass 
through it while those of sugar cannot. A mem- Fig. 130 
brane acting in the above way, i.e. transmitting 
one type of molecules while stopping another when used as a 
partition wall between the two, is called a semi-permeable membrane 
and the one-way diffusion, that can take place through it, is known 


as osmosis. 


In Expt. II, the water molecules hit the perchment paper on both 
of its sides, but the number of hitting on the solution side is smaller 
by the number of the sugar molecules present. The result on the 
whole is that the wator-level rises in the tube. 


Tho excess pressure, at equilibrium, corresponding to the differ 
ence in level h between the liquil level inside tha tube and that of 
the water outside, is called the osmotic pressure of the solute in the 
solvent and depends on the concentration of the solution and also on 
the temperature. The iaward diffusion of the water in Expt. IT can 
be stopped, if the solution in the tuba F is subjected toa downward 
pressure, say bya piston; the pressure, 830 exerted on the solution 
side just sufficient to prevent osmosis, will be a true measure of the 
osmotie pressure of the solution, for in this cise the concentration of 
the solution will not changa due to dilution by diffused water. Inoi- 
dentally, osmotic pressura is nob an absolute pressure exerted by any 
component but is only a difforence of pressure which must be main- 
tained between two liquids sepirited by a semi-permarble membrane 
such that the escaping tendeasy of any of them into the other may 


just be balanced. 


Pleffer, Van't Hoff, Earl of Berkeley, Hartley and others made 
important studies on the osmotie prassue of a solution, and laws are 
now available from their work, which govern the osmotic pressure, 
volume and temparature of a solution. It is found that the mole- 
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cules of the solute ina dilute solution behave in a similar way as 
the molecules of a gas. 


231. Importance of Osmosis :—Osmosis plays a very vital role 
in plant and animal life ; for, the normal health of our body is 
Possible due to the passage of various kinds of body fluids across 
membranes and tissues of the body. Oxygen of the air which 
we breathe diffuse into the blood stream by osmosis and is carried 
to the different parts of the body. In medical language, solutions 
having the same osmotic pressure are said to be isotonic with each 
other, while a hypertonic solution anda hypotonic solution respec- 
tively are those which have higher and lower pressures referred to 
some standard solution. All membranes of the human body are per- 
meable to water and so our body fluids are all rendered isotonic and 
keep up an almost constant osmotic pressure. 


232. Surface Tension :— At any point in the interior of the 
mass ofa liquid, a molecule is uniformly attracted from all sides by 
the neighbouring molecules. But it is not so in the case of a mole- 
cule near the surface of the liquid. Molecules near the surface are 
pulled more strongly towards the interior of the liquid than outwards 
and as aresult the surfaee of a liquid bebaves as if it were covered 
with a stretched skin, There exists a tension along the surface of a 
stretched membrane and so the surface ofa liquid also is endowed 
with a similar tension, known as the surface tension of the liquid. 
Due to this tension, a liquid surface has always a tendency to contract 
to a minimum area, For further details on molecular forces, see 
Appendix. 


Imagine a line drawn on the surface of a liquid. On account of 
the contractile tendency of the surface, the molecules of the liquid on 
the two opposite sides of the line are pulled 
apart from each other at right angles to the 
line as shown in Fig. 181. Rupture is, how- 
ever, prevented by the cohesive forces which 
exist between such molecules and bind 
them together. 


Such a force, which acts along the sur- 
face of a liquid tending to contract its area 
toa minimum measured per unit length of 
any straight line imagined tobe drawn on 
the surface of the liquid is called the sur- 


Fig. 181 face tension of a liquid. 


Surface energy of Liquid.—A stretched membrane, on account 
of its configuration, has potential energy; the surface of a liquid 
behaves like a stretched membrane and as such it has potential 
energy too. It may be shown that the surface tension ofa liquid is 
pomme roughly equal to the potential energy of the surface per 
unit area. 
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Consider a film of a liquid produced in rectangular frame ABCD 
[Fig. 131(a)] of which the cross-piece BC (length, L) can be slided 
along the arms AB and DC, 
Since a liquid surface behaves 
like a stretched membrane 1 
and is contractile, the force f 
F which tends to diminish i 
the area of the surface, i 
=2X(TX L), where T=the ‘ 
surface tension of the liquid, i 
the factor 2 comes since the D Cl J 
film has two surfaces : upper i A 
and lower. If the area ABCD ext 
js extended by pulling BC # 
through # as shown in the Fig. 181(a) 
figure, the work required to be done=F. #=2Th, x, and the 
increase in the area=2x La, since the film has two surfaces. So the 
work required to be done in stretching the film per unit area, which 
is a measure of the potential energy per unit area= IT ia/2La= T, 
the s.t. of the liquid. 

This is only an approximate value for the energy per unit area 
for, if the film temperature is to remain constant, some more energy 
will be necessary to prevent chilling of the film in being so extended. 


233. Effect of Different Factors on the Surface Tension of a 
Liquid :- The surface tension of water at 0°C. is about 75 dynes/ 
om.; for clean mercury, it is about 430 dynes/em. The surface 
tension of a liquid depends on the nature of the medium in contact 
with its surface. The effect is small if the contacting medium is a 
gas. Substances like oil, grease, etc, reduce the surface tension of a 
liquid considerably. It also decreases with the increase of tempera- 
ture, and probably vanishes at the critical temperature (vide Chapter 
VI, Heat). Surface tension decreases when a liquid is electrified. It 
varies with concentration too. 


234. Experiments on Surface Tension :— 


(1) A Floating Needle.—Take a slightly greased sewing needle 
and carefully place it horizontally on the surface of water kept 
js a dish. The needle rest in a small 
depression (Fig. 182) in the same way as a 
heavy body would do when placed ona 
sheet of stretched rubber. 

Neglecting adhesion between grease 
and water which is weak, the phenomenon 
may be explained as follows: For the 
needle to sink by breaking through the 
surface (iron being 7°8 times heavier than 
water), the water molecules must be pulled 


Fig. 182—A Floating i 
Needle. apart. This cannot take place on account 


204 INTERMEDIATE PHYSICS 


of the large cohesive forces which bind the molecules. What happens 
then is that the surface becomes depressed until the resultant upward 
force (— W) due to the surface tension T acting as shown in the 
figure is equal to the downward force W due to the weight of 
the needle. 


The phenomena of insects walking and running on the surface of 
liquids are also possible due to similar reasons. 


(2) Spreading of Oil on Water.— Take a little oil, mustard 
seed or preferably kerosene, and drop it on water. It is pulled in all 
directions until it spreads over the entire surface. This is because 
the surface tension of oil is much less than that of water; the greater 
tension of the water stretches the oil in all directions. 


Take some camphor shavings and simply put them on a water 
surface. They are smartly turned or moved hither and thither in differ- 
ent directions. The fact is thatat each pointed end each flake readily 
goes into solution in the water and this reduces the surface tension 
at that end more than at any other, resulting in a motion of the flake. 


(3) Soap-bubble.—Force air into a soap-bubble carefully when 
it will expand. Remoye the mouth from the pipe-end, the bubble 
will contract forcing the gas out. This happens because due to 
surface tension the surface of a liquid behaves as a stretched membrane 
haying a tendency to contract. 


(4) Camel Hair Brush Expt.—Dip a camel hair brush into a 
liquid. When the brush is taken out, the hairs are all found to be 
drawn together as if the hairs are now connected by a stretched 
membrane. 


235. Spherical Shapes of Liquid Drops :—On account of 
surface tension tho skin of a liquid tends to contract in area and to 
attain a shape in which the exposed area is minimum for a given 
volumo, i.e. it takes on a spherical shape; for, a sphere has the least 
surfaco area for a given volume. The effect of gravity on a liquid is 
to make the liquid flat; for, at this condition the centre of gravity of 
the liquid will be at the lowest. In small masses of liquids, usually 
the effect of the surface tension predominates oyer that of gravity, 
while in large masses the effect is the reverse. The spherical shape 
of soap-bubbles, rain drops, etc. illustrates the effects of surface 
tension in small masses of liquids, while in tanks and ponds the water 
assumes a flat surface illustrating the effect of gravity. Because of 
its large surface tension, mercury, when split on a floor, takes on the 
shape of small pellets in defiance of gravity. 

236. Part played by Cohesion and Adhesion :—When_ the 
mutual attraction between the molecules of a liquid (cohesion) con- 
tained in a vessel is less than their attraction to the sides (adhesion), 
the liquid wets the side of the vesselas in the case of water ina 
glass-vessel ; but if the attraction of adhesion is less than that of 
cohesion, as with mercury in a glass-yessel, the liquid does not wet 
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glass $ so mercury sprinkled on a glass surface separates out into 
spherical drops, whereas, water or oil easily spreads over a glass 
surface. 


237. The Angle of Contact :—When a plate is plunged verti- 
cally in a liquid, the liquid is 
drawn a little up the wall when 
the liquid wets it, as in the case 
of water, alcohol, copper sulphate 
solution, ether, etc. (Fig. 133, 
loft), while the liquid is depressed 
a little when it does not wet the 
wall as in the case of mercury 
etc. (Fig. 133, right). The sec- Fag REN”, 
tion of the liquid surface near the een ea 
plate is a continuous curve and is -m m a e e = 
known as the capillary curve. Copper sulphate soln. Mercury 
Consider a point O where the ‘ 
capillary eurve meets the solid . Fig. 138 
surface. The angle ACB inthe liqu’d, which AC, the tangent to the 
capillary curve at 0, makes with the solid surface BO, is called the 
angle of contact between the lMauid and the solid. Tt is an acute 
angle when the liquid wets the solid and is obtuse when the liquid 
does not wet it (Fig. 133). The angle of contact of water with glass 
jn air is very small and! can be taken as zero. 


238. Surface Tensions at 20°C., and Angles of Contact 


(Liquid—glass) 
Liquid 8. T. (dyne/em.) Angle of Contact 
Water-air 73°0 8° to 9° 
Soap solution-air 30 (approx.) ah 
Paraffin oil-air 26°4 26° 
Mercury-air 4650 130° (approx.) 


239. Capillarity :—Ifa glass tube of small bore is dipped in a 
liquid, then, in cases where the liquid wets glass, as in the case with 
water, the internal level of 
the liquid will be higher than 
the level outside [Fig 184(a)] 
but with mercury, which does 
not wet glass, the interior 
surface is below the exterior 
surface [Fig. 134(b)], The sur- 
face in the case of water in 
glass is concave upwards, bub 
(a) b (6) for mercury in glass, it is 

Fig. 134 convex upwards. t 
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These results are said to be due to what is known as capillarity, 
which is a consequence of surface tension of the liquid and smallness 
of the bore of the tube. It arises out of the fact that the 
molecular attraction of glass for water, i. e. the force of adhesion 
between the solid and the liquid, is greater than the attrac- 
tion (i. e. the force of cohesion) of water for water, and that 
the force of adhesion between glass and mercury jis less 
than the force of cohesion between mercury and mercury. The 
elevation or depression of the liquid in the tube is inversely 
proportional to the diameter of the tube; so the capillary 
effect can be clearly shown only in 
the case of very narrow tubes, called 


capillary tubes. 


The rise of oil in wicks of lamps, 
the soaking up of ink by blotting paper, 
the retaining of water in a piece of 
sponge, the rapid absorption of liquid 
by a lump of sugar, the wetting of a 
towel when one end of it is allowed to 
stand in water, are all, instances of 
capillarity. 


AT 


240. Height of a Liquid (Capillary 
Rise of the Liquid) in a Tube :— Lot 
a capillary tuhe of radius r be dipped in- 
to the liquid and the liquid rises in the 
tube until it stands ata height (Fig. 135). 
The surface of the column at the top assume the shape of a spherical 
cup with its concavity turned upwards. Let the height of the column 
he h measured from the level of the surface of the liquid outside 
the tube up to the lower meniscus of the cup. Let the angle of con- 
tact (Z ACB) between the liquid and the wall be x4 A force T due 
to surface tension acts along the tangent to the liquid surface in tho 
direction CA at each point of contact O of the liquid with the wall. 
According to Newton's third law, this force sets upan equal reaction 
in the opposite direction, as shown by the dotted line. The com- 
ponent of this rection in the vertically upward direction=7 cos «4. 
Since the liquid surface in the tube makesa circle of contact with the 
wall of the tube, the total vertical forco upwards=2arx(T cos 4). 
This force lifts up the liquid in the tube. The mass of the raised 


Fig. 135 


4 3 
liquid in the position of equilibrium={(a+r)rr? — ae P, where P 
= density of the liquid. For equilibrium, 
a_ smr? r 
Qnr T eos x= {(h+r)or? — I =m (ht )}o.g, where g=acce- 


leration due to gravity. 
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% raf n+) 


4 2 cos 4 ` 


For water, alcohol, chloroform, ete. x=0, approximately. Neglecting 
7/3 compared to h, ` 


rPg.h 
2 


p= , approximately s ws aan (in) 

241. Jurin’s Law :—tThe elevation or depression of a liquid in a 
capillary tube is inversely proportional to the radius of the tube at the 
place of contact. This is known as Jurin’s Law of capillarity. This 
at once follows from equation (1) above, for T, P and g are constants 
for a given liquid at a given place, i.e. according to Jurin’s Law, 
hx r= constant for a given liquid at a given place. 


242. Robert Hooke (1635—1i703) :—An Oxonian experimental 
physicist. For some years he was a research assistant to Robert Boyle. 
Ho had a remarkable talent at Mechanics and Drawing. His principal 
work in Physics relates to the wave-theory of light, universal 
gravitation, atmospheric pressure, and elasticity of solids. “Ut tensio 
sic vis’—the basie law of elasticity bears his name. We owe to him 
the first balance wheel of the watch. In 1662 when the Royal Socioty 
was formed he was appointed “Curator 
of Experiments” and became its secre- 
tary in 1677. His researches cover a 
wide range of subjects but he concen- 
trated on few of them. He was tem- 
peramentally irritant and made virulent 
attacks on many contemporary scien- 
tists, including Newton, alleging that 
many works published by them were 
due to him. 

243. Thomas Young(1773-1829) :— 
An English scientist and linguist. 
He successfully deciphered many Egyp- 
tian inscriptions. He studied medicine 
extensively and acted as Professor of 
Physics at the Royal Institution. His 
main works relate to medicine, the Thomas Young 
wave-theory of light, contribution to 
machanics of solids, and mechanism of sight and vision. 


Questions 


l. State Hooke’s law and explain what is meant by stress, strain, and coeffi- 
cient of elasticity. Classify the various types of strain and write down the names 
of the corresponding coefficients of elasticity. 3 (Gau. 1955) 


o 
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2. Upon what factors does the stretch of a wire depend ? Can you connect 
them by a law? What do you mean by elongation, Young’s modulus, and 
tensile strength ? How would you determine Young's modulus for a steel wire ? 

3. Find the stretching force on a steel wire 2 metres long, 1 mm. in 
diameter, when it is stretched by 1 mm. 

(Young's modulus for steel=2 x 10!2 dyne/cm?.) 

[Ans. 785x106 dynes.) (G. U. 1957) 

4. A copper wire 2 metres long and 05 mm, in diameter supports a mass 
of $ kgm. It is stretched 2:38 mm. 

Calculate Young’s modulus. (Poona, 1954) 

[ dns. 126x101 dyne/cm?.] 

5. A force of 100 kgm. is exerted on a piston sliding in a tube filled with 
water. The column of water compressed by the piston is 2 metres long and 
1 cm, in diameter. How far does the piston move in compressing the water ? 

[Ans. 1:22 cm.] 

6, What force is required to stretch a steel wire of 1 sq. cm. cross-section 
to double its length? Young’s modulus of steel=2 x 1012 dynes/cm.? 

(U. P. B. 1942) 

[Ans. 2x102 dynes.] 

Discuss the practicability of the above in the light of the load-extension 
graph. 

7. Tell how you may, by the use of Hooke’s Law and a 20 lb. weight 
make the scale for a 32-Ibs. spring balance. (C. U. 1936) 

8. A wire of 0:4 cm. diameter is loaded with 25 kgms.-wt. A length of 
100 cms. is found to be extended to 102 cms. Calculate the Young’s Modulus 
of the wire. (All. 1946; C. U. 1963) 

[Ans. 9x109 dyne per sq. cm.] 

_ 9. Calculate the depression of a mercury column in a glass tube whose 
inner diameter is 0:058 cm. 

[ Ans. 1°55 cm.] (s.t. of mercury=465 dyne/cm.) 

X 10. How high does water rise in a Capillary glass tube whose inner 
diameter is 0-044 cm., if the angle of contact is negligible ? 

[Ans. 67 cm.] (s-t. of water=73 dyne/cm.) 


CHAPTER IX 


HYDROSTATICS 
PRESSURE IN LIQUIDS 


244. Hydrostatics :— Hydrostatics deals with liquids at rest 
under the action of forces within them or on the sides of the contain- 
ing vessel, and the phenomena that arise out. of them. 


A perfect liquid is a substance which has no shape of its own and 
takes up the shape of the containing vessel. It is absolutely incom- 
pressible and is incapable of offering any external or internal friction. 
No such liquid, which fulfills the theoretical considerations completely, 
is actually known. But in hydrostatics whenever liquid is reffered to, 
it is taken as a perfect liquid. 


245. Liquid Pressure :—A liquid contained ina vessel always 
exerts pressure on the walls and on the bottom of the vessel. The 
existence of liquid pressure can be known from the following simple 
observation. Take a vessel with a hole on its wall and pour some liquid 
into it. The liquid will flow out through the hole when the former 
reaches the level of the latter. To stop the outflow a thin plate 
of equal area may be put onthe hole. The plate will remain at 
rest only when some force from outside is applied to it. This shows 
that a liquid exerts pressure on the wall of the container. 


Jets of water that squirt out from water pipes in the municipal 
streets from holes in the pipe walls are due to liquid pressure. 


Pressure at a Point in a Liquid.— Pressure at a point ina liquid 
is the thrust (force) exerted by the liquid per unit area surrou nding 
total force 


the point, That is, pressure P= otal FAM , which is the same as 


the force per unit area. 


Consider a cylindrical column of liquid of height 
h, the area of cross-section of the cylinder being A 
(Fig. 136), The weight of this column of liquid is 
the total thrust upon the base. Therefore the 
total thrust upon the base=Ah?g, where p (pro- 
nounced ‘rho')=density of the liquid, and g=ace. 
due to gravity at the place. .. Pressure exerted 


by the liquid column =—A170. ~ hpg, That is, the 


pressure at a point ina liquid is proportional to its 
depth p and g being constants. Fig. 136 
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(a) Pressure at a Point in a Liquid depends on the Depth— 


Experiment.—fFig. 137 represents a 
method of showing that in a liquid the 
pressure depends on the depth. Take a 
tall jar haying three outlets at different 
depths, the outlets being provided with 
stop-eocks. Close the stop-cocks and fill 
the jar with water. Quickly open the 
three cocks from which jets of water 
will come out. The jet from the lowest 

Fig. 137 cock will go the farthest distance, that 
from the highest the smallest distance, while the jet from the inter- 
mediate cock an intermediate distance. This is due to the pressure 
at the levels of those cocks being the greatest, the least and inter- 
mediate respectively. That is, the pressure of the liquid ata point 
depends on the depth of the point. 


(b) Pressure at any Point in a Liquid— 


(i) is proportional to the depth, 
(ii) is the same at the same level, and 


(iii) is exerted equally in all directions at the same level. 


Expt. 1.— A thistle funnel is bent, as shown in Fig 138, and 
across its moutha thin India-rubber membrane is tightly tied with a 
thread. Coloured water is poured into the bend to serve as a mano- 
meter (pressure-measurer). Lower the funnel intoa deep glass vessel 
filled with water. The increased pressure of the water at greater 
depths acting on the membrane and transmitted by the air in the 
funnel, will be indicated by the drop of 
the liquid column in the short tube and 
rise in the longer one. The difference 
of levels of the liquid in the two limbs 
gives the pressure at any depth above 
atmospherit. By lowering the funnel at 
different depths, it will be seen that the 
pressure is proportional to the depth. 
Shift the funnel to different points at the 
same level. It will be seen that the 
level of the coloured water does not 
change which shows that the pressure at 
the same level is the same. 


_ Using thistle funnels bent,at right Fig. 188 
angles to different directions as illustrated by the different thistle 
funnels shown in Fig. 138, it can be shown that the pressure is 
exerted by a liquid in all directions equally at the same level. 
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Expt. 2.—Take a thistle funnel F [Fig. 138(a)]. Olose its 
mouth watertight with a thin sheet of rubber. Attach a thin rubber 


Fig. 138(a) 


tubing R (which should be long) at tho other ond of tha funnel. Take 
a glass tube of narrow bore, and suck in a sma'l pellet of a 
coloured liquid in it near ons of its ends. This end is then connected 
to the free end of the rubber tubing. Place the glass-tube cwrofully 
in a horizontal position on a stand having by its side a straight 
scalo S placed edgewise so that ths position of the liquid pellet can 
be known from it. Thus the arrangemant will ast as a minomoater 
(pressure-measurer), the pellet serving as index. 


Insert the thistle funnel, face downwards, into a liquid, say 
water, kept in big hevker, or cylinder preferably. Tho index will 
be seen to move towards the other end of the manometer tubs, as the 
thistle funnel will be pushed deeper and despər in the liquid. This 
shows that the pressure of the liquid increases with depth. The 
pressure acting on the mambranes compresses the air insida the funnel 
and connected tubing and the compressed air, ia its tu-n, acting on 
the index moves the latter outwards. 


If the thistle funnel be moved to different points at the same 
level, the position of the index will remain unchanged, showing. 
equality of liquid pressure at the same depth. 
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If the face of the membrane of the thistle funnel be turned to 
different directions, upwards, downwards, sideways, ete, the mean 
depth of it being not altered, the ircex will still remain stationary, 
showing equality of liquid pressure in all directions at the same 
level. 


246. The Free Surface of a Liquid at rest is always hori- 
zontal :—(i) If possible let the surface A'B’ be not horizontal (Fig. 189). 
Consider two points A and B in the liquid at the same horizontal 
level vertically below the points A’ and B’. 


The pressure at A due to the liquid is P+pyh,, and that at 
B is P+ pyle, where p is the density of the liquid, and h, and he are 
the depths of the liquid at A and B respec- 
tively, and P, the atmospheric pressure. Since 
he is greater than ja, the pressure at B is 
greater than that at A. So the liquid particles 
will moye from B towards A and equilibrium 
will be lost. This flow in the direction B to 
A will continue as long as the pressure at B 
and A are not equalised. That is, for equili- 
brium the pressure at B must be equal to 
that at A and so hı must ba equal to hy. 
Fig. 189 Since B and A are on the same hori- 
zontal plane, B’ and A’ must also be on another horizontal plane 
at an upper level. That is, the 
free surface of a liquid at rest 
must be horizontal. 


(ii) From the above prin- 
ciple it follows also that if a 
liquid be poured into a series 
of connected vessels of varied 
shapes, the liquid, when at 
rest, will stand at the same 
level in all the vessels (Fig. Fig- 140 
140). So ina tea-pot tea stands 
at the same level in the spout as in the vessel itself. This is com- 
monly expressed by saying that in a communicating vessel a liquid 
finds its own level everywhere. 


(iii) If several liquids which do not mix with one another are 
placed in the same vessel, they will arrange themselves one above 
another in the order of their densities, the heaviest of them being at 
the bottom and the lightest at the top. It will be found that the 
surface of separation is horizontal between any two of them. 
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In Fig. 140(a), a tall jar is sean containing threa liquids; mercury, 
water and kerosene in steady equilibrium. 
Mercury being the heaviest occupies the 
lowest position, and kerosene being the 
lightest occupies the topmost position, 
water going in between. That is, liquids 
at rest contained in a vessel lie in the 
order of decreasing density from the bottom 
upwards, the surface of separation between 
ang two of them being always horizontal. 


Kerosene 


247. Some Illustrations of Equili- Water 


brium of Liquids :— 

(1) The Spirit Level.— The instru- 
ment is based on the principle explained 
in Art. 246 and is used to test whether a 
surface is horizontal or not. It consists 
ofa slightly curved glass tube filled with 
alcohol, except for a small bubble of air, 
which naturally occupies the highest part 
of the tube (Fig. 141). This glass tube 
is fixed in a brass mount. The air-bubble 
occupies exactly the middle position of the tube if the instrument is 
placed on a perfectly horizontal sur- 
face, and the bubble will move toa 
different position if the surface is not 
horizontal. 


Fig. 140(a) 


Fig. 141—A Spirit Level. 


(2) City Water Supply.— 


The principle that water, or any other 
liquids, finds its own level everywhere in connected vessels is applied 
in supplying water to the different houses of a city. In order that 
every house may have an adequate supply of water at a considerable 
pressure, water obtained from the source of supply, say a river or a 
well, is pumped up by suitable pumps to a large reservoir placed at 
the highest place in the neighbourhood, or on lofty water towers 
specially erected for the purpose. The water from the reservoir is 
carried to different sites by means of water-mains and branch- 
pipes. The pressure of the water supply depends upon the vertical 
height—called the “head of water” —of the water surface in the 
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reservoir above the point of supply. Therefore water supply should 
be available up to a height equal to that of the reservoir. In practice, 
however, the water does not rise as high as the water surface in tho 
reservoir. This is due to loss of pressure on account of internal 


friction within the pipes. 

For water supply in Calcutta, water is filtered and stored in tanks 
at a height of about 100 ft. at the Palta station which is about 20 
miles north, of Calcutta. As a considerable loss in pressure of the 
water takes place in transit along the pipes, a huge reservoir has 
beon erected at a height of about 100 ft. at Tala which is just north 
of the city, where water is again pumped up and stored for distribu- 
tion in the city. 

(3) Artesian Well.— Within the earth’s crust there are layers of 
clay, slate, etc. which are impervious to water, and also other layers 
of sand, gravel, etc. which are pervious. These layers are generally 
concave in structure. Where a porous layer of sand ete. is included 
between two impervious layers, a channel or water-bed is formed 
where rain water percolates and ultimately collects at the bottom 
of the concave bed. There may be similar water-beds at different 
depths of crust. Some of these beds again may be in communi- 
~ cation with outlaying rivers or lakes so that they are like water 
"contained in Utube, When a boring is made up to such U-sourco, 
water gushes out and rises 
up to the head of the water 
in the source (Fig. 142). In 
the province of Artois in 
France the first well of this 
type was bored and hence 
the name Artesian well. An 
Artesian well 2,000 ft. deap 
bored in the desert of Sahara 
supplies considerable wator 
even there. Wells which 
give out hot water are known as hot springs. 


(4) Tube-wells.— The principle, which is utilised in the case 
of a tube-well, is the same as that of the Artesian well, but in this 
case, the underground water-beds which are fed by outlying rivers 
and lakes are much less deep. As soon as a boring is made any- 
where below the surface of the earth reaching any of these water- 
beds, water gushes forth upwards with a tendency to find its own 
level, which is the level of rivers, ete. or Some such scurce whose level 


xy 


Fig. 142—Artesian Well. 


» 
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is below the earth’s surface at the place. A pump is, therefore, 
generally required to raise the water up to the surface of the earth. © 
Thus in a tube-well, unlike in an Artesian well, the water does not 
automatically come to the surface and so a pump is required. 

Example. Neglecting the loss of pressure in transit, calculate what head 


of water is necessary to produce a presssure of 250 lb. per sq. inch in the street 
mains. 


1 cu, ft. of water weighs 62°5 Ib. .. For a head of water 1 ft, high, the 
pressure per sq. foot equals 62°5 lb. .*, Pressure per sq. inch= ra =0'434 1b. 


.. To maintain a pressure of 0°434 Ib. per sq. inch, a column of water 
1 foot high is necessary. 

Hence to maintain a pressure of 200 Ib. per sq. inch, the height (head) 
200 
0434 

That is, the water in the reservoir should stand 460°8 ft. above the point 
in question. 


of water necessary = = 460°8 ft. (approx.). 


248. The Lateral Pressure of a Liquid :— A liquid at rest 
exerts pressure on the sides of the containing vessel. This is known 
as lateral pressure. 


Fig. 143 shows a vessel floating on water, having a tubular 
outlet provided with a stopcock fitted at 
one side near the bottom. Fill the vessel 
with water and open the stop-cock. Water 
flows out from the tap and the vessel is 
seen to move backwards, ie. in a direc- 
tion opposite to that of the water jet. This 
is due to the fact that a liquid exerts 
lateral pressure. 


Explanation.—It will be seen from 
the next two articles that the magnitude 
of the lateral pressure depends on the 
depth of the level at which the pressure 
js considered and acts at right angles to any surface in contact. When 
the liquid is at rest (i.e. when the stopcock is not opened), the lateral 
pressures at the two ends of a diameter of the vessel at the level of 
the tap are equal, but being oppositely directed cancel each other, 
and so the vessel is stationary. When the cock is opened, the lateral 
pressure there is released on account of the water coming out through 
jt. But the lateral pressure at the opposite end of the wall remains 
as before. This unbalanced pressure makes the vessel move opposite 
to the issuing water. 


Fig. 148 
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249. The pressure of a liquid at any point on the wall of a 
vessel acts in a direction perpendicular to the wall :— 


Expt. 1.— Take a hollow globe (perforated all 
over) fitted with a syringe as shown in Fig. 144. 
Remove the piston, fill the globe and a part of the 
barrel of the syringe with water. Re-insert the 
piston and slowly push it inward when water will 
be found to spurt out radiilly from the globe (i.e. 
in a direction perpendicular to the wall of the 
vessel) with equal force. 


This shows that presure is transmitted equally 
in all directions by a liquid, although the pressure 
is exerted on it ina particular direction, and on 
the wall of the containing vessel it acts perpendi- 
cularly. 


This fact is also shown when the wall ofa 
pipe containing a liquid at rest is pierced by a 
small hole. A thin jet squirts out at right angles 
to the surface of the pipe. 


Fig. 144 


Expt. 2.—Take a spherical vessel, as shown in Fig. 144(a), fitted 
with several tubular outlets distri- 
buted all around radially directed, 
each outlet having a closely-fit- 
ting piston capable of moving out- 
wards or inwards. The vessel is 
filled up with water. Suppose 
one of the pistons, 4 is pushed in- 
wards by applying a force F’. It will —» 
be found that all the other pis- $F 
tons are pushed outwards equally. 
This shows that the pressure 
exerted by the piston A inwards 
on the mass of the water is trans- 


mitted by it to all the othor pis- 

tons in the different directions tor 
and at right angles to tho surface Fig. 144 (a) 
in contact. 


Examples. (I) A plate 10 metres square is placed horizontally 1 metre 
below the surface of water, when the height of the mercury barometer is 760 
mm. What will be the total thrust on the plate? (The density of mercury= 

1356) (C. U. 1911). 
1 metre=100 cm. ; 10 metres square=10 metresx10 metres 
=1000 cm.x1000 cm.=106 sq. cm. 
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The pressure at a point 100 cms, below the surface of water =atmospheric 
pressure-++the pressure due to a column of water of height 100 cms. =pressure 
due to (76%13°6+100) cms, height of water=1133:6x981 dynes .*, 1 gm.-wt, 

=981 dynes. This is the force exerted on unit area of the plate. 


The total thrust on the plate=1193-6%981x10° dynes. 
=1:112x102 dynes. 


(2) A U-tube open at one end and closed at the other is partially filled 
with mercury (density 13°6). The closed end of the tube contains some air and 
the mercury in the open limb 30 cm. higher than it does in the closed limb 
Find in c.g.s. units the intensity of pressure of the air in the closed end of the 
tube (Barometric pressure=76 cm.) (C. U. 1910). 


The pressure of the enclosed air= Pressure due to (76430) cm. of mercury 
=(106 x 13'6 x981) dynes=1'41 x10" dynes) 


(B) At what deph below the surface of water will the pressure’ be equal to 
two atmospheres, if the atmospheric pressure be 1 megadyne (106 dynes) per sq. 
cm. ? (g=981 cm./sec.2). (C. U. 1931). 


Let h cm. be the required depth at which the pressure is equal to 2 
megadynes. 


.. The pressure due to h cms. height of water=1 megadyne=10° dynes. 
The pressure due to 1 cm. height of water (i.e. the wt. of 1 c.c. of water) 
=] gm.-wt.=981 dynes. 
The pressure due to h cms. height of water=hx981 dynes=108 dynes. 


6 
MG hae =1019 36 em. 


250. The Pressure at any particular depth depends on the 
depth and does not depend on the shape of the vessel :— 


Expt. 1.—The area of cross- 
section of the base of all the four 
vessels A, B, O D (Fig. 145) 
known as Pascal’: vases is equal, 
but the vessels are of diferent 
shapes and containing capacities. 
They can be screwed on to a 
platform carried horizontally by a 
vertical stand which is also pro- 
vided with a horizontal pointer 
$ intended to mark the level of any 
liquid contained in the screwed 
vase. This stand also supports a 
$ fulcrum. A plate E attached to 
one end of a lever, the middle of 
which rests on the fulcrum, is 
pressed against the bottom of the 
vase by adding counterpoising 
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weights on a scale pan hung from the other end of the lever. Placing 
a suitable weight W on the scale pan, water is poured into the 
vaso until the supporting plate H just yields, and water escapes. 
Noting the height h of the water by the pointer, the experiment is 
repeated with the other vessels, the weight on the scale pan being 
kept the same in every case. Tt will be found that water begins to 
escapo when it attains the same height in every case, proving that 
pressure depends only on the depth, and not on the size or shape 
of the vessel, i.e. the pressure, is independent of the quantity of 
water contained in the vessel, but depends only on the depth of the 
water. ‘The same is true for any liquid. 


The fact illustrated in the above expt. is known as the Hydrostatic 
Paradox. 


Explanation.— The result appears at first to be puzzling but 
a moment's consideration will show 
that there is no real inconsistency. 
Suppose there are two vesse's, (a) and 
(b), in Fig. 146 of different shapes and 
capacities. They are filled with water 
up to the same level. Though tho 
amount of water in the two vessels is 
different, the pressure exerted on the 
base of the vessel is the same in the 
two cases. 


Fig. 146 


This is because, the sides of the vessel exert pressure on tho 
liquid at right angles to the surface, This pressure is represented 
by Pin the two vessels, (a) and (b), and can be resolved into two 
components, V acting vertically and H acting horizontally. 


In the vessel (a), which contains a larger quantity of water, all 
the vertical components like V acting upwards serve to support 
some of the water on the sloping side. In the vessel (b), containing 
asmallar quantity of water, the slope of the side being opposite, the 
yertical component V is acting downwards, which is transmitted fo 
the base. Due to this, ths totil pressure on the base of vessel (b) is 
the same as that of ve sel (a) and is equal to that ofa vessel having 
vertical sides of equal height. This explains that the pressure depends 
only on the depth and not on’the shape or size of the vessel. 


Expt. 2.—That the pressure of a liquid at a point depends on 
the depth of the point and not on the shape of the vessel containing 
the liquid is also shown by the following simple and interesting 
experiment—the bursting of a cask. 
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i A stout cask A (Fig. 147) is completely filled with water. The 
’ quantity of water in the cask is quite large but the cask does not 
burst. A long narrow tube T is then fixed 
vertically through the top of the cask and || 


water is 


gradually poured into the tube 


when the pressure of water inside the cask 


increases gradually with the rise of the 


level of water in the tube; when the level 
reaches a certain height the pressure inside 
becomes so great that the cask bursts though T. 


the actual quantity of water added is very 


small, 


This experiment was first carried out by 

- Blaise Pascal (1623-1662) taking water in a 
narrow tube about 380 ft. high. The pres- 

sure exerted by sucha column of water at 

a level near the bottom of the cask will be 

$ about 15 lbs./in®. 
transmitted in all directions at the same 

level with equal force and acting perpendi- 
cularly to each sq. inch area of the inside 

wall of the cask may be sufficient to burst 


This pressure will be 


the cask, if the same is not sufliciently strongly built. 


251. The upward pressure at any depth in a liquid is equal 
to the downward pressure :— 


Expt.—Take a glass cylinder with both ends open. A thin disc 
of tin is held tightly against the lower end by a string passing through 


Fig. 148 


252. Pascals Law :—The pressure exerted anywhere in a mass 
of confined liquid is transmitted undiminished in all directions through- 
out the mass so as to act with equal force on every unit area of the 


its centre (Fig. 148). On lowering the whole into 
water and loosening the string, it will be found 
that the tin dise does not fall. This is due to the 
vertical upward thrust exerted by the water under- 
neath the disc. 


Now, carefully pour water inside the cylinder 
and note that the dise remains in its place so long 
as the level of water inside is less than that at the 
outside but the dise falls down by its own weight 
when the level of water inside and outside the 
cylinder is the same. 


This proves that the upward pressure, or the 
buoyancy, at any depth, is equal to the downward 
pressure. 


220 INTERMEDIATE PHYSICS 


containing vessel in a direction at right angles to the surface of 
the vessel exposed to the liquid. 


Expt. 1.—Take a stout glass flask fitted with a closely fitted 
piston at the neck. There are four tubes, bent upwards and attached 
to the flask, as shown in Fig. 149. Put a little mercury into the 
bend of each of these tubes. Then each of these tubes serves as a 
manometer (or pressure-measurer). 


Remoye the piston and fill the flask with water and then apply 
pressure by re-inserting the piston. The pressure is transmitted in 
all directions. 


On pushing the piston, the mercury will be seen to rise to the 
same height in all the tubes showing that the pressure exerted is the 
same in every case. 


If each of the openings has got the same area, 
then the total force exerted (i.e. pressure Xarea) will 
also he equal in every case. If the area of one of the 
openings be twice that of another, the total force (here 
total force = 2 X area X prass.) exerted there will also be 
twice, but the pressure, i.e. the force per unit area will 
be the same and so the manometer will indicate the 
same difference of level. 


Expt. 2.—Refer to the experiment described in 
Art. 249 as Expt. 2. Suppose the piston 4 is of unit 
cross-section and the other pistons B, O, D, have sec- 
tional areas of 2, 3 and 4 units. It will be found that 
when a force F is applied on the piston A pushing it 
inwards, forces of magnitude 27, 3F and 4F will be 
required to stop the pistons B, C and D from being 
pushed outwards. This shows that the force exerted 
by Aina given direction is transmitted with equal 
force per unit area in the diiferent directions in which the pistons 
B, Cand D are situated, and so the expt. verifies Paseal’s law. 


Fig. 149 


253. The Principle of Multiplication of Force :— Consider 
two cylinders A and B (Fig. 150) of different areas fitted with pistons 
and communicating with each other through a pipe. Now, if a 
pressure P be applied on the piston in 4, an equal pressure P will 
be transmitted to the piston in B. Remember that it is the pressure 


» sixteen times that of A. The pres- 
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which is transmitted and not the total force. The pressure is the 
force per unit area. Hence the 
areas of the pistons must be taken 
into account in considering the 
transmitted force. So every unit 
area of the piston in B will be 
pressed upwards with the same 
force as exerted on a unit area of 
the piston in A. 


Thus, if the diameter of B ig 
four times the diameter of A, the 
area of cross-section (assumed cir- 
cular in the two cases) of B will be 


sure on the piston in B will be the 
same as that applied by the piston 
in A, but since the total force is the 
product of pressure and area, the 
upward force W on the platform will be sixteen times the force 
on the piston in A, or, in other words, if 4 and be the areas of the 
small and large pistons respectively, and f the force applied by the 
piston in A then the foree F on the piston in B will be given by, 


r--L xp, 


Fig. 150 


254. The Hydraulic Press (Bramah’s Press) :—A schomatic 
diagram of the hydraulic press is shown in Fig. 151. 

Construction.—The machine essentially consists of two parts, a 
water pump whose piston @ works in a narrow metallic cylinder 4 
and a thick ram R acting as a piston in a wide cylinder B, the two 
cylinders bheing connected by a stout metallic tube D. The strength 
of the cylinders to stand large internal pressures is usually increased 
by shaping the bases hemispherically but not shown in that way in 
the figure. The piston Q is connected to some point K in the middle 
of a lever L by which it is worked. The lever has its fulcrum at one 
end F and at the other end of it an effort P, isapplied. A valve V, 
separates the cylinder A from small tank T which is almost full of water. 
Tt allows only an one-way passage of the water from the tank to the 
cylinder. Another one-way valye Ve opening from the side of the 
cylinder A towards the cylinder B separates the latter cylinder 
from the former. On account of this valve water cannot flow back 
from cylinder B to cylinder A. The top of the ram R forms a 
platform on which any material intended for compression is placed 
and, as the ram is raised upwards, the material is compressed against 
a fixed girder G which is supported on strong pillers. 


Toraise the ram R which is tho pressure-piston, the pump-piston 


Q is worked up and down a number of times by the help of the lever 
r 
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connected to it. As the material is compressed, the pressure of water 
within the machine increases and so, to prevent damage to the 
machine on account of excessive pressure a safety valve Vs is fitted 
in the tube D which connects the cylinder A to the cylinder B. This 
blows off when the internal pressure exceeds a certain limiting valuo, 
whereby some water escapes and the pressure drops down to the 
normal. 


Tnorder that the ram R may again return to its normal position 
by its own weight after a compression is over, there is an arrangement 
of a side-tube H connecting the pipe Dto the tank T and tho side 
tube is provided with a stop-cock © by opening which the water 
from the cylinder B can be made to pass back into the tank. To 
make the ram R work water-tight, a leather packing J, shown also 
soparately as (a) at the top of Fig. 151, having the form of an in- 


Fig. 151—The Hydraulic Press. 


verted cup is so inserted arround the piston in an annalar recess in 
the body of the cylinder B that water, when under pressure, passes 
into the anoular space inside the cup. Consequently, the greater 
the water pressure the tighter the water presses against the ram 2 
and the better become the joint. To make the leather impervious 
to water, it is previously soaked in oil. A Similar packing may also 
be used around the smaller piston Q. Such packing to make the 
joint water-tight, which may be made in some other ways as well, 
now-a-days, was first devised by the engineer Bramah and so the 
press is sometimes called after him. 


ase 
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Principle of Action.—The principle of multiplication of foree 
(inherent in Pascal's law) by transmission of fluid pressure is used 
in the hydraulic press. As the piston Q is raised by the lever Z, the 
pressure inside the cylinder A decreases and so water enters into ib 
from the tank 7’ hy lifting the valve Vy. During the down-stroke 
when the piston is lowered, the pressure inside increases and closes 
the valve V, and the water is forced into the cylinder B through the 
connecting pipe D lifting the valve Vg. That is, during an upstroke 
a quantity of water is drawn inside the cylinder A and during the 
following down-stroke the water is forced into the cylinder B, The 
thrust generated on the piston Q due to any small effort applied at 
the free end of the lever is transmitted to the water in B and pro- 
duces on the rm R a huge upward thrust which js as many times 
larger as the cross-seation of R is greater than that of Q; * 


Suppose P, is the effort applied at the froo end of the lever at a 
distanco Y from the folerum P, and Ps, the thrast generated on the 
Piston Q which is distant, say, X from the fulcrum. Lot the cross 
sections of Q and R ba x and Ê respectively, Then, for the lovor, 


the mechanical advantage, m=the forca ratio, A - Z 5 


3 = 
That is, Pa, the thrust generated on the piston Q= z xP, see UL) i 


The pressure exerted on tha water=P,/<. This prossuro is trans- 
mitted undiminished throughont the water noross any surface oxposod 
to the liquid, acearling to Pasoal’s lanw. This will, therefore, muse 
ah npward thrust Pa on the mm R given by, 


p 
P, “= Paxpap,xtxh vee oo - (9) 


effort at loyor x mechanical advantage of lever x tae of piston: 


Mechanical Advantage of the machine as a whole +— 
thrast_ronersted Py Y Ê 
effort applied Py “« : Hom (a) 
—cross-soction of ram_ 
crov-section of piston ` 
Principle of Conservation of Energy applied to the Machine.— 
Tf the ram is mised through a vertical distance l.. and the piston 
in A pnthed down through La then 


1, x <=1,%8, since the Aocrease of yo'ume of water in A fs onal 
to the incresse in volume of the water in B, assuming water tobe 
incompressible. 
So, lalla = B/« : but 8/4 = Pg/Ps, according to the Pasesl's law; that 


is, Py xls = PeX la. 


= mechanical advantage of lavor * 


be © 
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In other words, work done by the ram, (Ps x ls) 
= work done (Ps x la) on the smaller piston 


K 
o Z) las from (1), =P, x(x Z)Pi* ls 


from the geometry of the lever, where J, is the vertical distance 
through which the point of application of the efforts Ps is pushed down 
= work of done on the lever. 

Thus, the principle of conservation of energy is obeyed by the 
machine, as it must. Sono gain cf work is envisaged. 

P, is greater than P, in a’ ratio in which J, is greater than ls. 
This is sometimes expressed in popular language as “What is gained 
in power is lost in speed”. More accurately this fact may be stated 
as “Mechanical advantuge is always gained at a proportionate dimi- 
nution of speed.” 

Example. 4 Bramah Press has a piston whose cross-section is 144 sq. in. 
The cross-section of the pump is 2 sq. in. The shorter arm of the lever working 
the pump is 1 foot and the longer one is 4 feet in length. Calculate the total 
force obtained when an effort of 175 Ib. is applied to the end of the longer arm. 

(C. U. 1949). 

By the principle of the lever we have 175x4=P,x1, where P,=is the weight 

or load, or resistance of the pump. .. P, a154 =700 lbs. 

That is, the pressure has been increased from 175 to 
700 Ibs. 


Now, according to the principle of the hydraulic 
P, _144 
700 2? 
700x144 


press, we have where P, is the total force. 


P,= =50,400 lbs.-wt. 

255. Hydrostatic Bellows :— Fig. 152 re- 
presents an apparatus known as the hydrostatic 
bellows. This is another example of the multi- 
plication of force by the transmission of fluid 
pressure. 


The apparatus consists of a stout leather 
bellows attached to a long narrow vertical tube. 
The leather bladder and a part of the tubo are 
filled with water. A heavy weight placed on the 
platform of the bladder will be supported simply 
by the weight of the column of water in the 
attached narrow tube. 


A man standing on the platform can also 
be balanced in the above ‘way, if the tube is 
Fig. 152— sufficiently long, and the area of the platform 
Hydrostatic Bellows. adequate. This may appear quite paradoxial 
considering the heavy weight of a man being 

balanced by the weight of a narrow column of water of 
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small quantity. But it can be easily explained by the principle of 
multiplication of force. 


Suppose the vertical tube is 2 metres long and the area of the 
Platform of the bellows is about 500 sq. cms. ; then since the pressure 
that can be exerted by a column of water 200 ems. high is 200 gms.- 
Wt, the upward thrust on the platform of the bellows by the principle 
of multiplication of force, will be 500X200=100 kgms.-wt. which 
is sufficient to balance the weight of an average man. 


256. Other Examples of Pascal’s Principle :—Another exam- 
ple of the Paseal’s principle is hydraulic lift which is now-a-days 
commonly seen in big towns in automobile repairing stations by 
which automobiles are lifted up toa suitable height above the ground 
level for the conyenience of the repairing workers. The hydraulic 
chairs used by the Dentists also work on the same principle. 


257. Blaise Pascal (1623—1662) :-- A French mathematician, 
Physicist and religious thinker. He ranks with Galileo and Stevin, 
as one of the founders of the Science of Hydrostatics, Hydrodynamics 
and Pneumatics. Heis one of those great men who showed signs of 
uncommon scientific powers in early childhood. He is a successor of 
Galileo, a contemporary of Torricelli and a forerunner of Guericke 
in establishing the connection between atmospheric pressure and the 
weight of air. At the age of twelve he began to master Euclid and 
at sixteen wrote eighteen essays on Conic Sectionsewhich are of 
permanent value. He was a teacher of mathematics in a Polytechnia 
School where he investigated the properties of fluids. In 1646 he 
established the Law of fluid pressures known as the Pascal's Law, 
and inyented the Hydraulic press. It is said that he only applied in 
a new way here what Stevin had previously discovered. After the 
discovery of the atmospheric pressure by Torricelli, it appeared to 
him that it is actually the weight of the air that exerts the pressure 
and holds up the mercury column. So he undertook experiments to 
prove the same and in 1648 proved beyond doubt that the pressure 
diminishes as we go upwards in the air-ocean just as it doos 
in the caseof a liquid, which also Stovin had started earlier. 
That Torricelli’s mercury column is not drawn up by ‘the vacuum 
as Aristotle thought but is pushed up by the weight of air, as alfeady 
demonstrated by Galileo, was confirmed finally as a result of Pascal’s 
work. He was the first to make a thrilling demonstration of the fact 
that a narrow vertical column of water contained in a long tube fixed 
to the top of wooden barrel can exert so much pressure on its walls 
that the barrel may burst. At that time it was called a paradox. 
The hydrostatic bellows (Art. 255) is based on this principle. He 
devoted the last ten years of his short life to religious thinking and 
died at the age of thirty-nine at Paris. 


Vol. L—15 
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Questions 


1. How would you prove experimentally that a liquid exerts pressure in 
all directions ? (C. U. 1911, ‘14, '27) 

2. The density of sea water is 1-025. Find the pressure at the depth of 
10 ft. below the surface in pounds per square foot, given that one cubic foot 
of water weighs 62% lb. a (C. U. 1927) 

[Ans. 640°625 lb. per sq. ft.] 

3. Defne intensity of pressure at a point in a liquid. Prove that the 
difference of pressure P between the surface of a liquid and a point in the 
liquid z cms. below the surface is given by P=g. d. z., when d is the density 
of the liquid and g is the acceleration due to gravity. 

(C. U.. 1910; Pat. 1988; cf M. U. 1950; Anna. U. 1951; cf Gau. 1955). 


[ Hints.—Intensity of pressure at a point is the force per unit area 
surrounding that point. If p be the atmospheric pressure, i.e., force of air 
exerted on unit area, then the force due to the atmosphere on an area A of 
liquid surface=pxA. The force due to thé liquid column of the same area 
A and height z cms.=Agdz. .'. Total force on an area A in the liquid z cms. 
below the surface=pA+Agdz. 

J. The force on unit area=pressure=p+g.d.z., and the pressure on the 
surface= p. 
., The difference of pressure P=(p+gdz)—p=g.d.z. ] 

4. State Pascal’s law regarding the transmission of pressure in a liquid and 
define intensity of pressure at a point in a liquid. (Gau. 1955) 

5. A rectangular tank 6 ft. deep, 8 ft. broad and 10 ft, long is filled with 
water. Calculate the thrust on each of the sides and on the base (1 cu. ft. 
of water weighs 62°5 1b.) (Pat. 1929) 

[Ans. On the base—960-000 poundals, on each of the shorter sidées= 288-000 
poundals ; on each of the longer sides=360-000 poundals.] 

6. What is the total force on a submerged rectangular area 12x16 cm. 
when it is inclined at 30° to the horizontal and its upper edge of 12 cm. is 20 
em. below the surface of water in a jar. 

[Ans. 45x10% dyne.) 

7. A tall vessel, provided with a tap at the side near the bottom is filled 
with water and made to float upright on a thick plate of cork. Explain what 
will happen when the tap is oppened. (C. U. 1914) 

8. The neck and bottom of a bottle are } inch and 4 inches in diameter 
respectively. If, when the bottle is full of oil, the cork in the neck is pressed 
in with a force of 1 Ib.-wt. what force-is exerted on the bottom of the bottle ? 


[ Ans. 64 Ibs.-wt.] (Pat. 1944) 

9. Draw a neat diagram of the hydraulic press, and give a brief descrip- 
tion of it with an explanation of the action. 

(Dac: 1934 ; Gau. 1949 ; C. U. 1950; Del. 1951; Pat. 1952; Utkal 1954; 

Vis. U. 1955) 

What is the mechanical advantage in such a machine? Does it violate the 

principle of conservation of energy? Justify your statement. (G. U. 1949) 

10. In a Bramah’s Press, the areas of the two plungers are } sq. inch and 

10 sq. inch respectively. The pump-plunger is worked by a lever whose arms 

are 2 inches and 28 inches. If the end of the lever is raised and lowered by 

1 foot at every stroke, find the number of strokes required to raise the press- 

plunger by 1 inch. (Utkal, 1951) 

[Ans. 140/8 times.) 
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ll. State Pascal’s principle of transmission of fluid pressure and apply it 
to secure multiplication of force. 

Describe a Bramah’s Press with a neat diagram. What is the mechanical 
advantage in such a machine ? (C. U. 1957) 

12. A force of 50 kgm. is applied to the smaller piston of a hydraulic 
machine. Neglecting friction, find the force exerted on the large piston, the 
diameters of the pistons being 2 and 10 cm. respectively. (Pat 1922; P. U. 1925) 

[Ans. 1250 kgm.-wt.] 

18. The area of the small piston of a Hydraulic Press is one sq. ft. and 
that of the large piston twenty sq. ft. How much wt. can be raised on the 
large piston by a force of 200 Ib. acting on the small piston ? (C. U. 1946) 

[Ans. 4,000 1b.) 


CHAPTER X 
ARCHIMEDES’ PRINCIPLE 


258. Archimedes’ Principle :—A body, immersed partly or 
wholly in a fluid at rest, appears to lose a part of its weight, the 
apparent loss being equal to the weight of the fluid displaced. 

Verification.—The above principle can be verified in the case 
of a liquid by a Hydrostatic balance, which is simply an ordinary 
balanee by which the weight of a body immersed in a liquid can be 
conveniently measured. (In a special form of this balance, the 
suspending frame of the left-hand pan is shorter than that of the 
other pan. This pan has a hook attached to its bottom. The body 
to be weighed is hung from the hook). A wooden bridge O (Fig. 158) 
is placed on the floor across the left-hand pan of the balance in order 
that a beaker containing a liquid may be placed on it and the boty 
to be weighed is hung into the liquid contained in this beaker. 


Expt.—A solid metal cylinder, 4, is suspended from a hook fixed 
at the bottom of a hollow cylinder or bucket B 
into which the solid cylinder A exactly fits. So 
the internal volume of the bucket is the same as 
the volume of the solid cylinder. The whole thing 
js suspended from the left-hand arm of the balance 
and counterpoised. The solid cylinder is then 
totally immersed in the liquid contained in a beaker 
D which rests ona small wooden bridge O placed 
across the left-hand pan free from it when the 
ordinary form of the hydrostatic balance is used 
as shown in the figure. The equilibrium is now dis- 
turbed as the solid cylinder, now immersed in 
water, has lost a part of its weight due to the 
upward thrust, i. e. the buoyancy of the water. 

Now fill the bucket B completely with the 
liquid and. the balance will be restored again, 
showing that the solid cylinder lost a part of its 
weight equal to the weight of its own volume of 


Fig. 158 


— a 


+ 
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the liquid (which is the same as the weight of the displaced liquid) ; 
or, in other words, the wpward thrust on the cylinder is equal to the 
weight of the liquid displaced by it. 


This verifies the principle of Archimedes in the case of a liquid. 
For verification in the case of a gas, seo Art. 262. 


Apparent Loss.—It should be noted that the loss in weight of 
the cylinder A is only an apparent one and not true, for really the 
beaker with the liquid in it together with the cylinder placed on the 
seale-pan would weigh the same whether the cylinder is placed outside 
or inside the liquid in the beaker as explained in the case (2) on 
downward thrust (vide Art. 265). When the cylinder is inside the 
liquid, it experiences an upward thrust exerted by the liquid (causing 
the apparent loss of weight), which tends to raise the arm of the 
balance, and the cylinder in turn exerts at the same time a reaction 
which is a downward force of equal magnitude on the liquid (according 
to Newton's Third Law of Motion). Thus the balance is not disturbed. 


259. Buoyancy :—The buoyancy of a fluid may be defined as 
the resultant upward thrust experienced by a body when immersed in 
the fluid. When standing or lying in water, you must have noticed 
that water tends to raise you or buoy you up. The result of the buoy- 
ancy of water can also be observed, if a lead pencil (or any other 
thing which floats) is pushed into water and then let go, when the 
solid will be seen to float up through the water. 

Theoretical Proof of the Value of Buoyancy.—Consider a 
solid rectangular block ABCD inside a liquid (Fig. 154). The liquid 
presses on the block all over. The horizontal 
Pressure on the two pairs of opposite verti- 
cal surfaces counteract each other as they 
are of equal magnitude and correspondingly 
act in the same horizontal line. The top 
surface AB is pressed downwards by the 
weight of the column of liquid AHFB. The 
bottom surface CD, which is at a depth CF 
below the surface, is pressed upwards by the 
weight of the column of liquid BDOF. It 
is clear that the upward force exceeds the 

Wigine downward force by the weight of the column 

i of liquid ADCB, which is the quantity of 

liquid displaced by the block, i. e. the upward thrust exerted by the 
liquid is equal to the weight of the displaced liquid. 

Mathematical Proof.—Let HA and ED, i.e. the depths AB 
and CD=h and h' respectively; area of the faces AB and CD=A; 
density of the liquid = d ; acceleration due to gravity =g, 

“`. The total downward force on the face AB = Ahdg ; 
and the total force on CD acting vertically upwards = Ah'dg, 


+. The resultant thrust on the block exerted by the liquid acting 
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vertically upwards = A(h'—h)dg. But A(h'-h) is the volume of the 
block ; so the resultant upward thrust is equal to the weight of the 
volume of the liquid displaced by the block. This upward thrust is 
called the buoyancy of the liquid. 

Besides the buoyancy, there is another force acting on the body, 
which is the weight of the body acting vertically downwards. If W be 
this weight, the resultant force acting on the body is { W — A(h'— h) dg} 
that is, on account of immersion the body loses apart of its weight 
equal to the weight of the liquid displaced by it. 

260. Practical Applications of Archimedes’ Principle :— 


(1) Determination of Volume of a Solid.— The volume of a 
solid of any shape (which is heavier than and insoluble in water) can 
be easily determined by the following method. Let the wt. of the 
body in air be W, gm. and its wt. when suspended in water witha 
hydrostatic balance (Fig. 153) W, gm. Loss of wt. in water= 
Wi- Wa=wt. of water displaced. The volume of this displaced 
water is equal to the volume of the solid. 

Now the volume of (Wi- Wa) gm. of water=(W,- Wa)/d oc 
where d gm. per c.c. is the density of the water taken. 

“. Volume of the body=(W1i-We)/d c.c. If the weights are 
given in pounds, the volume of the body =(W,- W2)/62'5 cu. ftn as 
the density of water is 62'5 lb. per cu. ft. 

(2) Determination of Density of a Solid.—As density is 


Wi- W: 
d 


mass 
volume 


mass per unit volume, density of the solid = =W, + 


U AEN E 
Wi- Wa 17 Wa 
d=1in ©.@.S. units). In F.P.S. units, the density of the solid = 
= es 
Wi- Wa 
261. History :— The principle of Archimedes is also known ag 
the law of buoyancy. It was discovered by Archimedes (287 — 212 
B.O.) a celebrated mathematician and philosopher born at Syracuse 
in Sicily. The story of Hiero's crown in connection with the dis- 
covery of this law has been very well known. Hiero, the king of 
Syracuse, wished to be certain that the crown made for him was 
of pure gold, and he asked Archimedes to ascertain this. This 
job was not an easy one, for the crown must not in any way be 
damaged. Archimedes was puzzled at first but one day while hoe 
was taking his bath ina tub of water, he felt a loss of weight of 
his body and the idea crossed his mind that a body immersed in a 
liquid loses a part of its weight. Subsequently, he found that the 
loss of weight is equal tothe weight ofthe displaced liquid. This 
enabled him to find the volume of the crown and therefrom the 
density of the material. It is so said that from the tub of water 
he jumped up in ecstasy of joy and rushed out into the street, 


gm. per c.c. (taking the density of water 


x 62° Ib. per cu. ft. 
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naked crying “Hureka! Hureka!”, ic. I have found out, I have 
found out. 


262. The Principle of Archimedes is also true for Gases :— 

A body will apprently weigh less in air than it would in 
vacuo. for the air exerts an upward thrust equal to the weight of the 
displaced air ; but the weight of the displaced air is so small that 
ordinarily the loss in weight is not taken into account. 


Expt.—That air, or any other gas, exerts an upward thrust on a 
body immersed in it cm be demonstrated by the baroscope (Fig, 155). 
The arrangement is as follows: A largo sphere of cork M is 
susperded from one arm of a small balance 
and is equipoised by brass wts. W placed 
on the other arm. The whole system is 
then placed under the receiver JE of an air- 
pump. On drawing out air from within the 
receiver by means of a pump, the arm 
carrying the cork sphere is seen to sink 
down. The cork sphere owing to its larger 
volume displaces a greater volume of air 
than the brass pieces do and so the up- 
thrust, or the buoyancy of air, is also greater 
for the cork sphere. As the apparent wts. 
of both in air are the same while the 
buoyancy on the cork sphere is greater, the 
true wt. of the cork sphere must be greater. 
i That is why, in the absence of air, the cork 

Fig. 155 sphere sinks down. If, however, the two 
are equipoised first in vacuum and then air is introduced, the cork will 
go up and the weights sink down. 

263. True Weight of a body : Buoyancy Correction.—In 
very accurate weighings it is necessary to take account of the air 
displaced by the body in order to reduce the weighing to vacuum. 

Let W= true wt. of the body, i.s. is weight in vacuum ; 

W, =trne wt. of the counterpoising weights ; 

d =~ density of the hody;d, = density of the material of 
the wts ; 

p=density of air. 

Then the volume of the body= W/d, and the volume of the 
counterpoising wts.= W,/d,. Sothe wt. of the air displaced by the 
body =°. W/d, and that by the wts=p W,/d1. 

Hence, for equilibrium, we have. 

W-?.Wid= Wy, -?.W3/d; ; 
(1=pldy) eect 
whence W=W a-ra) Wit malz = at 
since P is small in comparison with d or dy. 

Example. The wt. of a body in air is 30:5 gm. The density of the body, 
is 0°76 gm./c.c., that of brass wts. is 8-4 gm.jc.c., and that of air is 0:001293 
gm.jc.c. Calculate the true wt. of the body. , 
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True wt, W=W,+W,. (ana) 
a 


i ‘ 1 1 
= 30°5 +30°5 x 0°001293 (ore ~ 34) 
=380°54704 gm. 

Hence the true wt. is greater than the apparent wt. by 0°04704 gm. 

264. Which is heavier, a lb. of Cotton or a lb. of Lead ?— 
Prima facie, one would be inclined to think that a lb. of both should be 
equally heavy. But one should remember that a lb. of cotton 
occupies, owing to lower density, a much larger volume than a lb. of 
lead and so the buoyancy of air on the jormer is much greater. As a 
result the former suffers a greater loss of weight in air. So, if their 
apparent weights in air are equal, the true weight of a lb. of cotton, 
i.e. in vacuum, is bound to be greater than that of lead. If their truo 
weights, i.e. weights in vacuum, are one lb. each, a lb, of cotton will 
weigh less in air than a lb. of lead. 

265. Two Interesting Cases on Downward Thrust :— The 
following interesting cases should be noted carefully regarding the 
downward thrust on a liquid by an immersed 
body :— 

(1) A beaker containing water (š full) is 
placed on one part of a balance and counterpoised 
(Hig. 156). Nowa body L of known volume, say 
v c.c. suspended by a thread from an external 
support (not from the balance beam), is allowed 
to sink into the water. What effect has this on 
the balance ? 

It will be found that the arm of the beam on 
the side of the pan will be tilted down. ‘Lo restore 
balance, the weight on the other pan will have to 
be increased by v gm. 

The body is held by the support and its weight cannot add any 
weight to the side. Why is the side weighted more then? The 
phenomenon, though paradoxial, can be explained thus: The body 
when dipped in water experiences an upward thrust equal to the 
weight of the water displaced by it (v gm.). According to Newton's 
Third law of Motion, the body in its turn exerts an equal (v gm.-wt.) 
and opposite force (reiction of buoyancy) on the water sontained in 
the beaker. This latter force accounts for the excess weight res- 
ponsible for the tilting down of the arm. This excess weight is 
v gms.wt. ; soan equal weight added on the other pan restores the 
balance. 

(2) A beaker containing water is placed on the left pan of a 
balance anda body is also placed on the same pan outside the beaker 
and the two are counterpoised. Now the body is suspended from the 
left hook of the balance and is allowed to sink into the water. It will 
be found that equilibrium will not be disturbed in this case. The 


Wig. 156 


232 INTERMEDIATE PHYSICS 


phenomenon appears puzzling, for the natural expectation is that 
the body being immersed in water will lose some weight due to which 
the equilibrium should be disturbed, But a little reflection will 
show that the explanation of the result is simple. The reaction of the 
buoyancy, which is equal and opposite to the buoyancy, acts on the 
water downwards. The total weight on this side therefore remains 
the same, the buoyancy and its reaction cancelling each other's 
effects be equal in magnitude but opposite in direction. So the 
equilibrium cannot be disturbed. 
266. Immersed and Floating Bodies :— 


Let W represent the weight of a body immersed in a liquid. It 
will displace its own volume of the liquid of weight, say, Ww’. 

Then W’ is the upward thrust or buoyancy, which will act in 
opposite direction to W which is acting downwards. 

(1) If W>W’, the body will sink. 

(2) If W=W’', the body will float being partly immersed any- 
where in the liquid. 

i (3) Tt W<W', the body will float being partly immersed in the 
liquid ; the weight of the displaced liquid, in this case, will be equal 
to the weight of the whole body ; that is, 

a body floats when the weight of the displaced liquid 

=the weight of the body. 

267. Conditions of Equilibrium of a Floating Body :— 

i 1, The wi. of the floating body must be equal to the wt. of the 
liquid displaced. 

9. The O.G. of the body and the C.G. of the displaced liquid 
(centre of buoyancy) must lie in the same vertical line which is called 
the centre line of the body. In general the former is above the latter. 
rae a completely immersed body, the former should be below the 

er. 

268. The stability of Floatation :— A floating body, at rest, is 
acted upon by two forces in equilibrium—(i) weight of the body act 


(a) Fig, 157 (2) 
ing vertically downwards through tho centre of gravity G, and (ii) the 
thrust of the displaced liquid acting vertically upwards through B, 
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the O.G. of the displaced liquid, otherwise known as the centre of 
buoyancy. As the body is at rest, these forces must act in the same 
line as shown in Fig. 157(a). The line joining the points B and G 
of the floating body is called its centre-line. 


When a body is inclined on account of any external forces acting 
on it, the shape of the displaced water changes and the centre of 
buoyancy shifts to the leaning side. Now, the forces of weight and 
buoyancy no longer act in the same vertical line but form a couple. 
This couple may or may not restore the body to its position of 
equilibrium. 


(i) If the vertical through the new centre of buoyancy B' cuts 
the line BG (called the centre line) above G, the couple will tend to 
restore the body to its position of equilibrium (Fig. 157(0)]. 


(ii) If the vertical through the new centre of buoyancy B’ cuts 
the line BG below G, then the couple will tend to overturn the body. 

In the case of a ship where the inclination @ is not more than 
15°, the intersection of the vertical through B' with tho line BG is 
practically a fixed point M known as its meta-centre. Thus in short 
if M is above G, then the ship is stable and if below, it is unstable. 

[N.B. The C.G. of a ship is kept below the meta-contre by 
loading the bottom of the ship with ballast and thereby, the stability 
of the ship is increased. Restoring (or upsetting) moment = Wx 
GM x sin 6). 


269. The Meta-centre :—If a body floating in equilibrium in 
liquid leans on one siđe, the C.G. of the body and the centre of 
buoyancy of the liquid are both displaced in the direction in which 
the body leans. The point, where the vertical line through the new 
position of the centre of buoyancy intersects the centre line of the 
body (ie. the line joining the O.G. of the body and the O.G. of 
displaced liquid when the body floats in eqailibrium), is called the 
meta-centre of the body. 


270. Densities of Immersed and Floating Bodies :—Let the 
donsity of a liquid be dı, in which a body of density da and volume 
V is placed. Then when the body is totally immersed, the mass 
of liquid displaced = d1 * V. Tho mass of the body = də X V. Hence 
(vide Art. 266). 

(1) if (dex V)>(d.%V), ie. if de>d;, the body will sink as 
a piece of stone or jron sinks in water. 

(2) ifda=dı, the body will float being wholly immersed any- 
where in the liquid. Olive oil is lighter than water but heavier than 
alcohol, but by mixing alcohol with water in equal quantities, the 
density of the mixture becomes the same as that of Olive oil when a 
drop of Olive oil will float anywhere in the mixture. 

(8) ifda<d,, the body will float partially immersed. A piece © 
of wood floats on water and iron floats on mercury. When a body of 


Reo E 
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density smaller than that of a liquid is placed on the liquid, it sinks 
until the weight of the displaced volume of the liquid becomes equal 
to the weight of the body, when the body sinks no further and keeps 
floating. In this case, if v be the volume of the liquid displaced by 


tho immersed part of the body, d.u=daV; or, = da. r 
1 


volume of the immersed part _ density of the body 
total volume density of the liquid” 


271. Illustrations of the Principle of Buoyancy of Liquids:— 


(1) Why Ice floats on water ?—It is known that 1 gm. of ice 
at 0°C., occupies 1/0°92 or 1°09 c.c, the density of ice being 0'92 
gm-./c.c. but 1 gm. of water at 0°C. occupies very nearly 1 c.c. Hence 
1 c.c. of water at 0°C. becomes 1°09 cie. when turned into ice at the 
same temperature; that is, when water freezes into ico, increases 
in volume by about 9 per cent, i.o., IZ volumes of water at en 
becomes 12 volumes of ice at the same temperature. 


Hence the density of ice will te diminished in the same propor- 
tion. So from the above relation we get 
yolume of ico under water __1 
total volume of ice 12 


, i.e. ice will float on water with te of 


its volume below the surface and ys above it. 


Note. A body which floats in one liquid may sink in another 
which is lighter. Thus iron floats on mercury but sink in water, oil 
floats on water but sinks in alcohol, wax floats on water but sinks in 
ether, ete. 


(2) Why an Iron Ship floats in Water ?— It is a well-known 
fact that solid block of iron readily sinks in water, because the 
density of iron is greater than that of water; but the mystery of 
why an iron ship floats on water lies in its construction, namely its 
hollow shape. When the ship enters water, the volume of water 
displaced is much greater than the volume of actual iron immersed 
and, as a solid cannot displace more than its own weight of a liquid 
the ship sinks in water until the weight of the displaced water is 
equal to the weight of the ship. That is, the ship is immersed to 
such a depth that the weight of the ship with its contents (i.e. the 
engines, cargo, passengers etc.) is balanced by the upward thrust 
or the force of buoyancy of the displaced water. 


272. The Carrying Capacity of a Ship :— The carrying capa- 
city of a ship is determined by the tonnage which is found by taking 
the difference of the weights of water displaced by the empty ship 
and the fully loaded ship. The weight of a big ship with its con- 
tents often comes up to 65,000 tons, i,e, 65,000 tons of water will be 
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displaced by the vessel when aflort. It should be remembered that 
the depth of immersion of a ship is less in sea-water than in fresh 
water because the density of sex-waiter is a little greater than that of 
fresh water, and so, in order to obtain the same upthrust, a smaller 
volume of sei-water must be displaced. Thus a ship can carry more 
cargo on sea-water than on fresh water. Now-a-days according to 
law, every ship must bear mark called the Plimsoll line, showing 
the limit up to which it is permitted to 

immerse in sea-water of normal density. 


273. The Plimsoll Line :—This is 
a mark recorded on the side of a ship 
showing the limit of its immersion in 
sea-water In lawful loading. The letters 
L.R. (which stand for Lloyd’s Register) 
are often used to indicate this line and 
they signify that this safe-loading line is P 
considered reasonib'e for the particular Figi ane 
ship by the Lloyd’s Insurance Company and the fact is recorded in 
Lloyd’s Register of shipping. The line is named after Sammuel Plimsoll 
(1824—1898), a Bristol M. P. who initiated the law in the Parliament 
to stop the over-loading of ships. The enactment of such a law was 
considered necessary at the time for it was found that dishonest 
owners often sent to sea old vessels loaded very heavily after insur- 
ing them for large sums and profited by the disasters that followed. 
The sailors often called such ships, ‘Coffin ships’. 


Tt is relevant here to take note of two expressions which are very 
much in use in this connection. A ship ‘drawing 30 ft. of water, 
means that 30 ft. is the distance from its keel to the water-surface. 
“Water line area’ means the area enclosed by a line drawn round the 
ship along the water-snrface. This cross-section is not the same 
all the way down, for » ship tapers towards the keel. The change 
in the ‘water line area’ however, is not much for some distance 
above or below the Plimsoll line and so is not often taken into 
consideration. , 


Example. A sea-going ship (without cargo) draws 20 ft. of water. If ite 
water nen cee is 15,000 sq. ft. what load will make it draw 22 ft. of water? 


(Sp. gr. of sea-water=1°25). 


Extra volume of water to be displaced 
=15,000 (22—20)=15,000x2 cu. ft. 


Weight of extra water to be displaced = 15,000 x2x6?°5 1b. 
The weight of sea-water to be displaced = 15,000 x 2 x 62'5 x 1;25 Ib. 


Load = — -A tons. 


=1046°3 tons (approximately). 
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274, The Floating Dock :—A floating dock (Fig. 159) contains 
air chambers in its base. When the same are full of water, the dock 
sinks to a line such 
as AB, say, and the 
vessel floats, as 
shown in the figure. 
As the water is gra- 
dually pumped out 
of the chambers, the 
dock rises until 
finally the floor of 
the dock is clear of 
water. The upthrust 
due to the water displaced balances now the total weight of dock 
and ship together. 


Fig. 159—The Floating Dock, 


Example. The weight of a big liner is given as 64,000 tons. What must 
be the volume of a floating dock that will be able to support it? (Sp. gr. of 
sea-water =1025.) 


The volume of the dock must be equal to the volume of sea-water weighing 
64,000 tons, i.e., (64,000 2,240) Ibs. 
1 cu. ft. of pure water weighs 62;5 1b. 


The wt. of 1 cu. ft. sea-water=62°5x1°025 1b. 


Volume required =f 000x 2,240 2,287,814 cu. ft, (approximately). 

275. The principle of a Life-belt :—It is known that a piece 

of marble can be made to float when tied to a suitable piece of cork. 

Thus bodies heavier than water can be made to float by being tied 

up to lighter bodies of suitable size. This embodies the principle of 
the life-belts, which are found in steamers and ships. 


276. Swimming :—lIi is an art of moving in water keeping the 
head out of the surface of water. Though the human body is lighter 
than water of the same volume and will float, the head is heavier and 
tends to sink in water. The secret of swimming, therefore, lies in 
keeping the head out of water by the movement of limbs. It is much 
easier to swim in salt water than in fresh water, because the density 


of salt water being greater, less force is required to prevent the body 
from sinking. 


277. The Cartesian Diver —This is a hydrostatic toy invented 
by Descartes. The principles of equilibrium of a body floating in 
a liquid, transmission of fluid pressure, and compressibility of gases 
are demonstrated by it. 


The diver is usually a small hollow doll having a tubular tail 
communicating with the inside and open at the end (Fig. 160). In 
some cases the doll is solid and is attached to a hollow ball haying a 
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small opening at the bottom (shown on the right of the jar), so that. 
the two together can float in equilibrium. 

The diver is kept in a tall jar which is 
nearly full of water. The top of the jar is 
closed air-tight by means of a sheet of rubber. 
The diver is partly filled with air and partly 
with water, the total mass being slightly less 
than the mass of water displaced and so the 
diver floats partly immersed in the water. 


On pressing the rubber sheet by means of 
the fingers, the diver is seen to sink down and 
on releasing the pressure to rise up again. By 
keeping the pressure on the rubber sheet con- 
stant, the diver may be kept stationary at any 
depth. 


Explanation.—When the rubber sheet is 
pressed, the volume of the air below is dimi- 
nished whereby its pressure is increased. This 
pressure is transmitted through the water to the 
air inside the diver. As a result, the volume f 
of the enclosed air is reduced and so an Fig. 160 
additional quantity of water enters into the diver through the opening 
whereby the diver is rendered heavier than the displaced water and 
so it sinks. When the pressure on the rubber sheet is released, the 
air inside the diver expands driving out the additional water and the 
diver is rendered lighter and so it rises up again. 

If it were possible to make the diver sink to such a depth that 
the liquid pressure at that depth is too great for the inside air to 
expand adequately on the release of pressure, the diver will not rise 
up again. This aspect of the problem has been mathematically inves- 
tigated in the worked-out Example No. 9 at the end of Chapter XI. 


N.B. Most fishes have an air-bladder below the spine which 
they can compress or dilate at pleasure and thus can either sink or 
rise up in water. 


278. The submarine :— [It is a small sly vessel commonly used 
by the military navy. I can float on the surface of the sea like an 


Fig. 161—A Submarine. 
ordiaary ship or sink when necessary and reappear on ‘the surface 
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again. The principle on which it works is similar to that of the 
Cartesian Diver. The vessel is supplied with large ballast tanks 7’ 
(Fig. 161) both in the stern and bow, which can be filled with water. 
When water is taken into the tanks (which are provided with trap- 
doors), the weight of the boat is so increased as to make the vessel 
sink, and the water is pumped out of the tanks by pumps worked by 
compressed air, the ship is made so light that it rises to the surface. 
Thus by emptying or filling the tanks, the mass of the ship is so varied 
and controlled that the ship is made to rise or sink as desired. 


The act of filling or emptying the tanks is done very quickly. 
Moreover, the ship can be kept steady at any depth by the help ofa 
vertical rudder R and other horizontal rudders not shown in the figure. 
A Qonning tower O, in which a persiscope is fitted, always projects 
above the surface of the water so that objects lying on the surface 
of the water may be viewed from within the boat. 


279. The Density of Ice :—The density of ice can be deter- 
mined by preparing a mixture of water and aleohol in such a proportion 
that when a piece of ice is placed in it, the ice will neither sink nor 
float but will remain anywhere within the liquid being completely 
immersed [vide Art. 170 (2)]. The density of ice is then equal to 
that of the liquid mixture, which can be found out by means of a 
hydrometer (vide Art. 281). Its value is about 0°92 gm. per c.c. 

280. The Density of Wood, Wax, etc. by Floatation :—The 
density of a solid having some regular form can be determined by 
the method of floatation if the solid is lighter than and insoluble in 


water. Take a cylindrical block of wood B whose 
length is l cm. and whose area of cross-sec- 
tion is 4 sq. cm. (Fig. 162). 

The volume of the block=/< c.c. and the 
weight of the block=/« x d grams, where dis the 
density of wood. at bes Ad) 


Float the block vertically in water and mea- 
sure the depth (h em.) to which it sinks. Then 
the volume of water displaced = ha c.e. 


<. The weight of displaced water=h4 grams 
ES ("the density of water is1 gram per c.c.) and 
this is equal to the weight of the block according to the law of floata- 
tion, i.e. Ad = hx. 


h__ length immersed in water 
l total length 


N.B. The method applies to other materials also, such as was 
etc. which are not affected by water and can be cut in regular forms 
such as cube or cylinder. Only a metre scale is suficient and a 
balance is unnecessary in this method. 

Example.. (1) A hollow spherical ball has an internal diameter of 10 cms. 
and an external diameter of 12 cms. It is found just to float on water. Find 


or, d 
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the density of the material of the ball. (The volume of a sphere varies as the 


cube of the diameter.) (C. U. 1928; Dac. 1933) 
Let V=volume of the sphere, and d=diameter of the sphere. 
Then Vee d*; .:, ¥=Kd3, where K is a constant. 


The internal volume of the hollow ball=K (J0)3=1000 K c.c. 
and the external volume=X(12)§=1728 K c.c. 
., The volume occupied by the actual material of the ball 
=1728 K—1000 K=728 K c.c. 

As the ball is found just to float in water, the mass of the ball=the mass 
of the displaced water=volume of the displaced waterxdensity of water= 
=1728 Kx1=1728 K gms. 

.'. The density of the material of the ball. 
mass of the ball 
= volume occupied by the actual material of the ball 
1728K 
738 É 

(2) Given a body A which weighs 7:55 gm. in air 5:17 gm.`in water and 
635 gm. in another liquid B ; calculate from these data the density of the body 
A and that of the liquid B. 

Wt. of A in air=7-55 gm ; wt. of A in watér=5-17 gm. 

Wt. of the same volume of water=(7°55—5'17)=2;38 gm. 


Hence, volume of A=2'88 c.¢. .*. Density of A = 2 2317 gm. per c.o, 
Again, loss of wt. of A and B=(7:55—6:35)=1'20 gm. 
Hence, 1°20 gm. is the wt. of B whose volume is the same as that of A 


which is 2'88 c.c. .'. Density of B= 05 gm. per ¢.c. 

(3) A sphere of iron is placed in a vessel containing mercury and water. 
Find out the ratio of the volume of the sphere immersed in water to that immersed 
in mercury. (Density of mercury=13'6 ; density of iron=7-8 ; density of water=1.) 

Let Vı c.c. be the volume of the sphere immersed in mercury, and Vy c.c. 
the yolume immersed in water. 

Then, the wt. of displaced mercury=V,x13°6 and that of displaced water 
=V_x1. Now, wt. of displaced merdury+wt. of displaced water=wt. of the 
iron sphere, i.e. V;x13-64+V,=(Vi+Vs) x7°8 ; or, Vi (18;6—7°8)=Vq (7:8-1). 

Hence, Va 186-18 _ 28. 

(4) A body of density 5 is dropped gently on the surface of a layer of 
liquid of depth d and density 5/ (5' being less than 5). Show that it will 


reach the bottom of the liqnid after a time, [gaan being the acceleration 


due to gravity. (Pat. 1932) 
If m be the mass of the body, the volume of the body=m/gs which is also 
the volume of the displaced liquid. So the weight of the displaced liquid 


= (3 xo’ ) which is the upthrust acting on the body. 


=2°87 gms. per c.c. 


The force tending to bring the body down in the liquid=mg. the weight 
of the body, and the upthrust on it is mg. (3/5) .Hence the tant downward 
force=mg (1—9'/6 )=mass (m)xacceleration (f) with which it is going down 
the liquid. 

a td? z 
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But we know that if d be the distance travelled in time, t, 


(5) A toy man weighs 150 gm. The density of the man is 1°12, that of 
cork 0:24 and that of water I. What weight of cork must be added to the 
man that he may just float in water? 


Let W be the wt. of cork required, the volume of cork=W/0;24 c.c. 


1°12 112° 0°24 
The man and cork will just float in water when their total weight is equal 
to the weight of water displaced by them. Hence the volume of displaced 
water=(150+-W)/1 c.c. and this is equal to the total volume of man and cork. 


. 150 wW 

‘ria tees 

(6) A piece of metal weighing 20 gms. has equal apparent weight with a 
piece of glass when suspended from the pans of a balance and immersed in 
water. If the water is replaced by alcohol (density 0:9), 0:84 gm. must be added 
to the pan from which the metal is suspended in order to restore equilibrium. 
Find the weight of the glass. 


Volume of onea c.c. .*'. Their total volume =( a W: ) 0.0. 


=150+W ; or, W=5-075 gm. 


Let m=mass of glass, p=sp. gr. of glass and d=sp. gr. of the metal. 


For equilibrium in water, we have m— = =20— a 53 ath, 


and for equilibrium in alcohol, m — (z x0'9) =20- 2x09) +0'84...(2) 


Multiplying (1) by 0'9 and subtracting it from (2), 
mx0°1=20x0'1-+0°8. .'. m=28'4 gm. ş 

(7) (a) Find a mathematical expression for the density of a mixture, when 
the densities and the masses of the components are known. 

(b) Calculate the quantity of pure gold in 100 gm. of an alloy of gold 
and copper of density 16. (Density of gold=19, and that of copper=9). 

(Dec. 1930, 32). 

(a) Let m, and m, be the masses of the components and dı and d, their 

respective densities, and let d be the density of the mixture. 


Then, the volume of the mixtures adta -(% +7) =volume of the 
2 1 a 
components, whence d can be calculated. 
(b) If m gms. be the mass of pure gold in the alloy, the mass of copper 


=(100—m) gms. Now, volume of the allow= rd ; vol. of gold=7 and vol. off 


3 


100-—m , 100 100 — 

5 = -R =+ a m, whence m=83'12 gm. 

(8) A solid displaces 3, % and } of its volume respectively when it floats 
three different liquids. Find the volume it displaces when it floats in a mixtura 
formed of equal volumes of the aforesaid three liquids. (Pat. 1943). 


copper = 


ARCHIMEDES PRINCIPLE 241 


Let V be the volume and d the density of the solid, let dy d,, and d, be 
the densities of the three liquids. 

When a body floats, its yolumex its density=the volume immersed x densit 
of the liquid. ,, We have, @ Vd=V/2xd,; or, dj=2d, (ti) Vd=V/3xd, 
or, d,=8d, (iii) Vd=V/4xd,; or, dy=dd. 

The mixture is formed by taking, say, v c.c. of each liquid, then the total 
volume=8v c.c. and its total mass=v (di -+-dy+-ds) =v (2d-+3d+44d) =9ud, 

~. Density of the mixture =2™58___9vd_ 47. 

volume 8y 

Now, if.x c.c, be the volume of the mixture displaced, we have Vd=x x 8d. 
Or, x=V/3, i.e., it displaces 4 of its volume. 

281. The Principle of a Hydrometer :—Various methods are 
given in Art. 287 for the accurate determination of the specific 

gravity of a liquid. For commercial purposes we need a method 
which should be simple and quick, although the results may not be 
very accurate. For such. purposes instruments, called Hydrometers, 
are used. They depend for their action upon the principle of floata- 
tion ; the principle is, “when a hody floats ina liquid, the weight of 
the body is equal to the weight of the displaced liquid”. 

There are two types of hydrometers in use. One is called the 
Variable Immersion (or Constant weight) type, ordinarily known as 
the common hydrometer, and the other, the Constant Immersion (or 
Variable weight) type, known as the Nicholson's type. In the former 
case, the portion of the hydrometer immersed depends 
on the density of the liquid ; the immersion is greater, 
the less the density of the liquid. In the latter case, 
the principle used is to get the hydrometer immersed 
up to a fixed mark of it into the liquid, whatever is 
the liquid used. In commercial practice, however, 
the Veriable Immersion type is used. 


282. The Principle of the Variable Immersion 
Hydrometer :—The principle of this type of hydro- 
meter may be understood by taking an ordinary flat- 
bottomed uniform test-tube 7 (Fig. 163) and loading 
it with a suitable amount of sand, or lead shot, so 
that it floats vertically in a liquid. Paste inside the 
test-tube a strip of millimetre squared paper, marked 
off in centimetres measured from the bottom, and 
close the tube with a cork. Now float the tube ina Fig. 163 
jar of water and observe the depth immersed d4. 

Take out the tube, wipe it dry and float it in a jar containing a 
different liquid. Again observe the depth immersed dy. 


Let W be the weight of the hydrometer, i. e. the test-tube with 
load, a its area of cross-section, and p the density of liquid ; then, 
since the weight of the hydrometer is equal to the weight of the 
displaced liquid in each case, 


we have W=aXdyXl=axXdaXp, or pll (or sp. gr.)=d1/dg. 
Vol. I—16 
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Since dı/da is a ratio, the depths can be measured in inches or in 
centimetres. 

The experiment can be varied with different amounts of lead shot 
in the tubes and a graph can be drawn with dı and ds. [For the actual 
type of variable immersion hydrometer and its use, see Art. 287(2)]. 

Examples. (J) The density of sea-water is 1'025 zm. per c.c. and the density 
of ice is 0-917 gm, per c-c. Find what portion of an ice-berg is visible above the 
water surface, when it is in sea-water, and when in fresh water. (Utkal, 1954) 

Let v be the volume of ice immersed, and P the total volume of ice. 

Then (V—v) is the volume which is visible above the surface of the sea. 

ity of ic 0°917 
We have, from Art. 270, T eta 1005 | 

917 _0°108 | 1 


ò V-v_ 1025-0 i 4 
Pe ny a Owe... 1 090;> 96 
Therefore the portion of the ice-berg which is above the water surface is 
1/95 of the total volume. 
In fresh water, the density of which is 1 gm. per c.c, we have 
V-o „1-0917 _ 0°083 
Vv 1 1 
(2) A variable immersion hydrometer is prepared by taking a test-tube 
15 cm. long and 3 cm. wide. The test-tube which is assumed to have d 
uniform cross-section is weighed with a few lead shots to make it float upright. 
A narrow piece of graph paper is pushed into the test-tube to serve as a scale. 
The tube is then placed in glycerine of specific gravity 1°25 and then it il 
laced in water. The scale reading which increases upwards, is 1'6 cm. for 
the level of the glycerine surface and 2'8 cm. for the level of the water 
surface. The scale reading when the test-tube is placed in a solution of copper 
sulphate is 25 cm. What is the specific gravity of the latter ? 
Let P be the volume of the tion of the test-tube below the zero mark 
and V’ the volume of 1 cm. of ‘tee tube. ea 
Then in glycerine the immersed volume=(V+1°6V’) c.c. 
The upthrust in glycerine=wt. of this volume=1°25 (V+1°6)’)- 
Similarly, the upthrust in water=1 x(V +287). 
vat oy aphte ot he test-tube, V-+28 V'=125x (7 +16 V) 

» OF =08 V’; or V=3-2y". in, i er 
sulphate solution, S(P+287)=(V+28 Be os if S be the sp. gr. of the coppi 
gov tien LA ERBE 6 

vray say rry a7 C S=105. 


1 
ia (approx.). 


or, 


ae that this example explains the principle of preparing and 
er i E a variable immersion type of hydrometer.] 

The stem of a common hydro WE : 
ie n ydrometer is cylindrical and the highest gradua 
a rrai a specific gravity 1-0 and the lowest to 13. What specific 

s to a point exactly midway between these divisions ? 
Pat. 1944): 

Let l $ 
Boa. s A ellie 3 at the stem from the lowest to the heighest gradua- 
lowest graduation and W the TN TE pae volume of the bulb up tO the 

e hydrometer. 

(P+la) x1=W and Vx13=W p u 
. P4la=1'8V; or, 0;3V=la NN 9 


r 
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Again, (V+1/2 xa)S=W, where S is the required sp, gr. 
From (1) and (2), (V+ 7)s<1ar ; or, 8-76 =1'13. 

283. Archimedes (287—212 B.C.)—A mathematician and 
inventor of immortal name, He was born at Syracuse in Sicily. 
Son of a mathematician-astronomer, he was a close associate of 
Hiero, King of Syracuse. He may be regarded as an ideal scientific 
worker, always occupied with thinking on his problems. During the 
Roman invasion of Syracuse in 212 B. C., it is said the soldiers 
entered his premises and challenged him. At that time he was 
brooding over a geometrical figure drawn on sand before him and 
he had not time to reply. Just before he was slain, he called out to 
the soldiers, “Kill me but spare my figure.” Once Hiero ordered a 
crown to be made for him in pure gold. When the crown was 
presented, he requested Archimedes to test if it was made of pure 
gold (of course without causing any damage to it). This put Archi- 
medes to restless thinking. One day while he was bathing in a tub 
of water, it is said he felt a loss of weight of his body as the water 
was displaced. At once the idea crossed his mind that a body 
immersed in a liquid loses a part of its weight. Subsequently he 
found this loss in weight to be equal to the weight of the displaced 
water. This enabled him to find the volume of the crown and 
calculate its density and compare it with that of a Piece of pure gold, 
It is so said that he jumped up from the tub in ecstasy of joy and 
rushed out into the streat, naked, crying, “Bureka ! Bureka |” (ice. I 


The following statement on the lever is another famons story told 
of him. He said, “Give me a place to stand on and I will move the 
earth.” In testifying to the truth in it in presence of Hiero, he 
applied one end of a lever to a ship and while the other end was 
lightly pressed upon by Hiero himself, the ship moved into the 
water. 

His name is connected with many inventions in Machines, 
Mechanics and Mathematics, The pulley, the windlass, the Archi- 
median screw, hydraulic and compressed air machines are some of 
them. He is said to have used the concave mirror for the first time 
to focus the sun’s rays for generating hert at a point. Besides the 
principle of buoyancy and his work on loving bodies he also 
discovered how the circumference of a circle could be evleulated and 
his method gave the number later designated by the Greek letter 7, 
He also developed the Conie Ssctions and the consept of infinity is 
due to him. 


Questions 
l. Explain how Archimedes’ principle may be used to distinguish a metal 
from its alloy. (C. U. 1922, '26 ; cf. Pat. 1928, *82). 


[ Hints.—Determine the density of the alloy and compare its value with that 
of the pure metal.] 
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2. Why is it easier to lift a heavy stone under water than in air? 
(C. U. 1937). 

3. A beaker containing water weighs 300 gm., and a piece of metal whose 
volume is 10 c.c. and mass 88 gm. is immersed in the water, being suspended 
by a fine thread. Find (a) the upward force which must be applied to the 
thread to support the metal, and (b) the upward force necessary to support the 
beaker. 

[ Ans. (a) 78 gms.-wt. + (b) $10 gms.-wt.] 

4. A flask when full of water weighs 75 gm.; when full of mercury of 
density 13°6 gm. per C.C. it weighs 705 gm. and when full of sulphuric acid 
it weighs 117 gm. Find the density of the acid. (C. U. 1952). 

[Ans. 1°83 gm. per c.c.] 

5, Describe how you will determine experimentally the density of a metal 
in the form of a long wire of about 5 metres in length. (Pat. 1922). 

[ Hints.—Measure the diameter and hence the radius of the wire by a screw 
gauge, and measure the length. Volume=-r7/. Weigh it in a balance by turn- 
ing the wire into a coil of several turns. Then density =mass/ volume. 

‘The volume can also be determined by the method by displacement of water.] 

6. When two equal volumes of two substances are mixed together, the 
sp. gr. of the mixture is 4. But when equal weights of the same substances are 
mixed together, the sp. gr- of the mixture is $. Find the sp. gravities of the 
two substances. (Utkal, 1954). 

[Ans. 6 and 2) 

7. The densities of three liquids are in the ratio of 1:2:3. What will be 
the relative densities of mixture made by combining (a) equal volumes, (b) equal 
weights. (Gau. 1953; C. U. 1954). » 

[Ans. 11:9] 

8. A block of wood of rectangular section and 6 cm. deep floats in water. 
If its density is 0:6 gm./cm.*, how far below the surface is its lower face ? 

What weight placed on the upper surface of the block is needed to sink it 
to a depth 5 cm., if its area is 120 cm.2] ? 

[ Ans, 86 cm.; 168 gm.] 

9. Under what conditions do bodies float or sink in a liquid? A piece of 
iron weighing 272 gm. floats in mercury of density 18'6 with jths of ils volume 
immersed. Determine the volume and density of iron. 

' (C. U. 1980; of. Dac. 1927, '39). 

[ Hints.—Let the volume of the iron piece be x cc. Then § x ¢.c.=volume of 
iron piece immersed in mercury=volume of mercury displaced by the iron piece. 

Then ponte; or, ©=82 c. ©. ; and density a ass. 7 285 gms. per cc.) i 

10. Discuss the stability of equilibrium of a floating body. Apply your 
results to the case of a uniform sphere of wood floating on water. (Pat. 1947). 

11. State the conditions of equilibrium of a floating body and explain what 
is meant by metacentre. Discuss, in general terms, the question of stability of 
floatation. Why is the hold of a ship generally loaded with ballast ? 

A flat boat is 20 ft. by 30 ft. in area. How much will it be lowered when 
carrying a l-ton automobile 2 

[ Ans. 0°72 inch approx.] 

12. What is meant by ‘buoyancy’? Explain why an iron ship floats in ) 
water. (C. U. 1928, "37; Pat. 1932; Dac. 1933). | 

13. Describe the ‘Cartesian diver’ and explain how it acts. Do you know 
of any modern appliance which is based on this principle? (C. U. 1938, *46). 

14. The specific gravity of ice is 0918 and that of sea-water is 1-03. 

What is the total yolume of an ice-berg which floats with 700 cubic yards 
exposed ? (C. U. 1932; Pat. 1935). | 


SPECIFIC GRAVITY 245 


[ Hints.—Let V cubic yards be the total volume of the ice-berg. .*. Volume 
under water=(V—700) cu. yards. The mass of the ice-berg=(V x27) x62'5 
x0:918 Ib.] 

The mass of the sea-water displaced=(V—700) x27 x62'5 x 1°03 Ib. Accord- 
ing to the law of floatation, the mass of the floating body=mass of the displaced 
liquid. „+. (V x 27) x62°5 x0°918=(V—700) x 27x 62:5x 1°03 ; or, ¥=6437°5 cu. yd.] 

15. You are provided with a hollow glass tube of uniform cross-section 
with a bulb blown at its lower end, and other necessary materials. State how 
you will proceed to construct a common hydrometer and explain how you will 
graduate it. [See also Art. 287(2).] (Pat. 1944), 

16. Two bodies are in equilibrium when suspended in watear from the 
arms of a balance. The mass of one body is 28 gm. and its density 5'6 
gm./c.c. ; if the mass of the other is 36 gm., what is the density ? (Pat. 1928). 

[ Ans. 277 gm./c.c.] 

17, 1 c.c. of lead (sp. gr. 11*4) and 21 c.c. of wood (sp. gr. 0'5) are fixed 
together. Show whether the combination will float or sink in water. 


(C. U. 1933) 
[Hints.—Mass of 1 c.c. of lead=114 gm. ; mass of 21 c.c. of wood=21x05 
=105 gm. The total mass of the combination11°4+410'5=21-9 gms. 


Their total yolume=21+1=22 c.c. So the combination floats with 21:9 c.c. 
of it being immersed in water and keeping the rest (i.e. 0°1 c.c.) above the 
surface of water.] 

18. Show that a hollow sphere of radius R made of metal of sp. gr. $ will 
float on water, if the thickness of its wall is less than R/3S. (Nag. U. 1952) 


CHAPTER XI 
SPECIFIC GRAVITY 


284. Density and Specific Gravity :—Tho density of a subs- 
tance is its mass per unit volume, i.e. its 
mas3* 
volume 
The specific gravity of a substance is the ratio of the. weight of 
any volume of the substance to the weight of an equal volume of 
water at 4°O. 


density = 


Wt. of V c.c. of the substance 

Wt. of F c.c. of water at 4°0. 

= Mass of V c.c. of the substance, 

~ Mass of V c.c. of water at 4°O. 

— Mass of unit volume of the substance 
Mass of unit volume of water at 4°0. 

_ Density of the substance 


Density of water at 4°0. 


Sp. gr. of a substance = 


*If the mass of a body is uniformly distributed in the volume, the density 
of a part of it is the same as the density of the body as a whole. Ordinarily, 
the density of a substance is experimentally determined by taking a portion of 
it assuming the density to be uniform. To test if the density is uniform, 
experiments may be carried out by taking samples from the different portions 
of the substance. If they slightly vary, the average density is obtained by 
finding the arithmetic mean value of the several densities determined. 


246 INTERMEDIATE PHYSICS 


So, the specific gravity of a substance is really a relative density, 
i. e. its density relative to that of water at 4°C. 

Note (i) Specific gravity is expressed as a ratio ; it expresses 
the number of times a substance is heavier than an equal volume of 
water at 4°C. So it is a pure number while density, which is the 
mass per unit volume, is not a mere number. Density must be 
expressed in some unit, say, in grams per cubic centimetre, or in 
pounds or ounces per cubic foot. 

(ii) We may speak of mass instead of weight in defining specific 
gravity, because the ratio of two masses is equal to the ratio of their 
weights at the same place. 

285. Relation between Density and Specific Gravity in the 
Two Systems of units : 


(a) In O. G. S. units, the density of water at 4°C=the mass of 
1c. c. of water at 4°O=1 gram per c: c. 

Since 1 c.c. water weighs 1 gm., the volume of a substance in 
c. c. is numerically equal to its mass in grams. So the density of a 
substance may be written in O. G. S. units as follows : 

_Mass of the substance _ 

Volume of the substance 

at Mass of the substance 
Mass of an equal volume of water 

But the ratio of the masses of two bodies is the same as the ratio 
of their weights. Hence, when measured in C. G. S. units. 

weight of a body 
weight on an equal volume of water 
= specific gravity of the body. 

Therefore, the density of a substance in C.G.S. units is 
numerically equal to its specific gravity. For example, the density 
of lead in C.G.S. units is 11°38 grams per e.c. and the sp. gr. of lead 

density of lead 113 gm. per eae. 113 
density of water at 4°C 1 gm. per c.c. i 

(b) In F. P. S. units, the density of water at 4°C. = the mass of 

1 cu. ft. of water at 4°C.=62°5 lb./cu. ft. Since sp. gr. of a subs- 

density of the substance ae 2 ; 
tance Sn IG WOR MELO the density of a substance = density 
of water at 4°O. x sp. gr. of the substance. 

So, the density of a substance in F.P.S. units (Ibs. per cu, ft.) 
is numerically equal to 62:5 x sp. gr. of the substance. 

For, example : (i) the density of lead in F. P. S. units is 709 pounds 
709 lbs. per eu. ft. _ 113 
62'5 lbs. per cu. ft. 
(ii) The density of iron in ©. G. S. units is 7'8 gm. per c.c, and 
mass of 1 c.e. of iron _ 78 _ T8 
mass of l c.c. of water 1 à 


Density = 


, numerically. 


Density = 


per cu. ft. and the sp. gr. of lead = 


the sp. gr. of iron = 
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And since the density of iron in F.P.S, units is 487°5 lbs. per cu. ft. 


then the sp. gr. of iron = 2288 of 1 cu. ft. of iron LABUD = ms : 
on the sp. gr. of iron mass of 1 cu. ft. of water 62°5 a 


“ density of the substance 
In C.G.S. it Hons PEET RED yeas 
() Inc units, Bpan density of water at 4°C. 


— Pgm./ec. 
1 gm./oc. 

5 density of the substance 

In F.P.S. units, sp. gr. = ee a 

= 62'5 x Plb./ou. fte _ 
62°dlb/cu. ft, 
Thus sp. gr. is the same in both the units. 
The relations between the two systents will be clear from the 
following table : 


| 


Specific gravity 


System Density 
4 pa 
Metric (or C.G.8.) | 2 gm, per c.o. x 
British (or F.P.S.) 62°5 xa lb. per cu, ft. v 


| 
eee 
286. Sp. Gr. of Solids :— : 


(1) By Direct Measurement.—In the case of a solid having 
some regular form (ie. rectangular, spherical or cylindrical), the 
volume of the solid can be calculated by measuring its linear 
dimension. The body is then weighed. Let the weight of the body 
be W gm., and let its volume be F c.c., then 
density of the body = W/V gm. per c.c., 
and sp. gr. v = WIV, 

(2) By the Hydrostatic Balance :— 

(a) Solid heavier than water.— 

Let the weight of the solid in air= W, gm. and 
the wt. in water = Wa gm. 

To take the weight of the body in water, it is 
suspended by means ofa fine thread from the hook 
of the left pan and made to sink completely in 
water contained ina beaker (Fig. 164). The beaker 
is placed on a small wooden bridge, which is put 
across the pan in such a way that the bridge, or the 
beaker, does not touch any part of the pan of the 
balance. 

The weight of the same volume of water as that 
of the solid = (W, - We) gm. 
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wt. of the body in air ae Wi 
wt. of an equal volume of water W,- Wa 


(b) Solid lighter than water.— 


Let the weight of the solid in air = W, gm. 

Take another heavy body called a sinker, such that the two tied 

together may sink in water. 

Let the weight of the solid and sinker both in water = We gm. 

and the weight of the sinker alone in water = Ws gm. 

.. The weight of solid in air+the weight of sinker in water 
the weight of solid and sinker in water = upward thrust by water 
=the weight of water whose volume isthe same as that of the solid 
=(Wi +Ws— Wa) gm. 


< Sp. gr- 


a Wy ed 
Hence, Sp. er. WitwW, oe Ws 


Otherwise thus :— 
wt. of the solid in air = W, pn 
wt. of solid in air +sinker in water = Wy 
wb. of solid and sinker both in water = Wa 
ase wt. of water displaced by solid = Wa - Ws. 


Honce, Sp. gr. = 7 oe 


(e) Solid soluble in water.—The specific gravity of a solid 
soluble in water can be found by immersing the solid in a liquid of 
known specific gravity in which the solid is insoluble. 

Determine the specific gravity of the solid relative to the liquid. 
Then the actual specific gravity of the solid will be obtained by 
multiplying this value with the specific gravity of the liquid. For 
wo havo, 

weight of solid in air’ 
Sp. gr: of the. solid ‘weight of the same volume of water 
ine. weight of solid in air 
weight of the same volume of liquid 


~ wo weight of the same volume of liquid 


weight of the same volume of water 
weight of solid in air 


~ weight of the same volume of liquid 
x sp. gr. of the liquid = pet Wa EKP, 


where W, = wt. of solid in air; Wa = wt. of solid in the given liquid ; 
P= sp. gr. of the liquid. 


ri oe". A M a B 
f; 
SPECIFIO GRAVITY W9 f 


(3) By the Specific Gravity Bottle. —It is a glass bottle tied 
with a ground glass stopper having a narrow n. 
central bore. The bottle is filled to the top of the 
neck with any liquid, and the surplus liquid over- 
flows through the hole in the stopper when the 
stopper is pushed into its position (Fig. 165), 
Shake the bottle to remove air bubbles. The 
bottle holds a definite quantity of liquid. This 
bottle is used to find out the specific gravity of a 
solid in the form of powder, or small fragments, 
and of liquid. also. 

Let the weight of the empty bottle= W, gm. 

The weight of the bottle + powder put inside 
= Ws gm. 

The weight of the powder= (W.-W) 


gm. 
The weight of the bottle + powder + water to 
fill the rest of the bottle= Ws gm. shee Oar 
K Now pour out all the contents of the bottle 
E- and fill it up with pure water taking care to remove any air bubbles 


from inside. $ { 
7 Let the weight of the bottle when full of water = W, gm. 
$ Then the weight of an equal volume of water as that of tho 
à powder 
E -(W. -W,)=(Wa = Wy) gm: 


Wye 
Hence, sp. Br. = (W,- W,)-(W, A 


N.B. To determine tho specific gravity of a powder soluble in 
tk water, a liquid is taken in which the solid 
j doos not dissolve or chemically act, Tham, 
the sp. gr. s9 found is multiplied by the ap. 
gr. of the liquid at the observed temperature. 
(4) By the Nicholson's Hydrometer, — 
This is a constant immersion type hydro- 
moter, 


Tt consists of a cylindrical hollow vessel A 
to which is attached a thin stom B at the 
of which there is a small seale-pan O (Fig. at 
Below the vosso! is attached, by the curved — 
motallic hook D,a conical pan which he 
woighted with lead shots or moroury that the 
rp wont Beak erty as ee 
ee > re isa scratch mark on stem up to 
Tis, it ed bet which the a always rae to 
Tho hydromotor is placed 
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celia: ~ wt. of the body in air bat | Wa 
ve ORB. BES St ofan equal volume of water Wi- Wa 


(b) Solid lighter than water.— 


Let the weight of the solid in air= W, gm. 
Take another heavy body calleda sinker, such that the two tied 
together may sink in water. 
Let the weight of the solid and sinker both in water = Wa gm. 
and the weight of the sinker alone in water = Ws gm. 
“. The weight of solid in airt+the weight of sinker in water 
—the weight of solid and sinker in water = upward thrust by water 
=the weight of water whose volume is the same as that of the solid 


=(Ws + Ws— We) gm. 


Hence, Sp. gr. = WitWs E e 


Otherwise thus :— 

wt. of the solid in air = Wy a 
wt. of solid in air +sinker in water = We 
wt. of solid and sinker both in water = W3 
wt. of water displaced by solid = Wa - W3. 


Hence, Sp. er.= Wa- WM 


(c) Solid soluble in water.—The specifie gravity of a solid 
soluble in water can be found by immersing the solid in a liquid of 
known specific gravity in which the solid is insoluble. 

Determine the specific gravity of the solid relative to the liquid. 
Then the actwal specific gravity of the solid will be obtained by 
multiplying this value with the specific gravity of the liquid. For 
we have, 

Bal ote van weight of solid in air 

peu loa ci solid weight of the same volume of water 
en weight of solid in air 

weight of the same volume of liquid 

weight of the same volume of liquid 

weight of the same volume of water 
= weight of solid in air 

weight of the same yolume of liquid 


x sp. gr. of the liquid = Bee 0; 
2 


where W, = wt. of solid in air; Wa = wt. of solid in the given liquid; 
P =sp. gr. of the liquid. 
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; (3) By the Specific Gravity Bottle. —It is a glass bottle fitted 
with a ground glass stopper having a narrow 
central bore. The bottle is filled to the top of the 
neck with any liquid, and the surplus liquid over- 
flows through the hole in the stopper when the 
stopper is pushed into its position (Fig. 165), 
Shake the bottle to remove air bubbles. The 
bottle holds a definite quantity of liquid. This 
bottle is wsed to find out the specific gravity of a 
solid in the form of powder, or small fragments, 
and of liquid. also. 


“ 


Tok 


Let the weight of the empty bottle= W, gm. 

The weight of the bottle + powder put inside GRAMMES 
=W gm. T52G; J 

The weight of the powder =( W3- W3) N / 

gm. 

The weight of the bottle + powder + water to 4 
fill the rest of the bottle= Ws gm. BEET 

Bottle. 


Now pour out all the contents of the bottle 
and fll it up with pure water taking care to remove any air bubbles 
from inside. 

Let the weight of the bottle when full of water = W, gm. 

Then the weight of an equal volume of water as that of the 


powder 
=(W4 - Wi)-(Ws- Wa) gm. 


A E esl aad, 
pce, BD: Sts (Wa- Wı)- (Ws - Wa) 


N.B. To determine the specific gravity of a powder soluble in 
water, a liquid is taken in which the solid 
does not dissolve or chemically act. Then, 
the sp. gr. so found is multiplied by the sp. 
gr. of the liquid at the observed temperature. 

(4) By the Nicholson’s Hydrometer. — 
This is a- constant immersion type hydro- 


meter. 

Tt consists of a cylindrical hollow vessel A 
to which is attached a thin stem B at the top 
of which there is a small scale-pan O (Fig. 166), 
Below the vessel is attached, by the curved 
metallic hook D,a conical pan which is so 
weighted with lead shots or mercury that the 
hydrometer may float vertically in a liquid. 
Fig. 166—The Ni There is a scratch mark on the stem up to 

son's aN which the instrument is always made to sink 
i in a liquid. The hydrometer is placed in 
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water contained in a glass cylinder. A slotted cardboard (left-hand 
figure) or a bent wire (right-hand figure) is so placed across the 
mouth of the cylinder that the upper pan is arrested before sinking 
into water in the cylinder. All the joints in the hydrometer must be 
made air-tight. Weights are placed on the upper pan of the hydro- 
meter to make it sink up to the mark onthe stem. Let the weight 
required be W, gm. 

Remove the weights and place the solid on the upper pan. Add 
weights again on the upper pan to make the instrument sink up to 
the mark. Let it be We gm. Then the weight of the body in air 
=(W, - Ws) em. 

Now remove the weight and place the body in the lower pan which 
is in water. 

Again, find the weights necessary to bring the hydrometer up to 
the mark. Let this weight be Ws gm. 

Then the weight of the body in water = (W, - W5) gm. 

The weight of displaced water =( W, - Wa)- (W1 - Ws) em. 
=(Ws- We) gm. 


-. Sp. gr. Wen We’ 


(Note.— It is evident that the method depends on Archimedes’ 


principle. Ifthe solid be lighter than water, tie it to the lower pan 
and proceed exactly as above.) 
(5) By Method of Floatation—[Vide Art. 280]. 


287. Specific Gravity of Liquids :— 
(1) By the Hydrostatic Balance.— 
Let the weight of a solid body, which is heavier than 
the liquid but which is not chemically acted upon by it = 
W, gm., and the weight of the solid when immersed in 
water = Wo gm.; and that when immersed in the liquid 
= W, gm. 


9 Then (Wı- Ws) represents the weight of a volume 
of liquid equal to the volume of the solid ; and (Wi - Wa) 
is the weight of the same volume of water. 

. as WwW, ~i Ws 
= Sp. gr. = Wi- W; 
§ (2) By the Common (or Variable Immersion) 
Hydrometer.— 
pie srs Description.—This is a glass instrument (Fig. 167) 


Ben Dy: which floats vertically in different liquids with a part of 
drometer, the ‘Stem aboye the surface of the liquid. In order that 

the instrument may float vertically, the small lower bulb 
B is weighted with mercury or lead shots. The weight of the liquid 
displaced by the hydrometer is equal to the weight of the hydrometer 
itself, which is always constant. But mass = volume x density ; hence 
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mass being constant, volume is inversely proportional to density. 
So the volume of the liquid displaced increases as the density of the 
liquid diminishes ; hence it sinks deeper into a lighter liquid than in 
a heavier one, The stem S can thus be graduated so that the 
specifie gravity of a liquid can be read off directly. The number of 
the division on the scale fixed in the tube, which is in level with the 
surface of the liquid, gives the specific gravity of the liquid. 


In Fig. 168, a common hydrometer used for test- 
ing the sp. gr. of accumulator acids, etc. is shown. A 
quantity of the liquid is drawn up in the outer casing 
by dipping the lower end of the hydrometer into the 
liquid and then pressing the rubber bulb when some 
air will be forced out. On releasing the pressure, the 
atmospheric pressure will raise the liquid into the 
casing so as to enable the hydrometer to float. 

Graduation of a Common Hydrometer.— To 
graduate the instrument, float it in water and put a 
mark on the stem which is in line with the surface of 
the liquid, and similarly put another mark on the stem 
when it is floated in another liquid of known density 
(d) Let the lengths of the stem exposed above the 
surface of the liquid in the two cases be lı and la 
respectively. Then, if W be the weight and V the 
volume of the instrument, and a the area of cross- 
section of the stem, we have, 

W=(V-1,a)x1=(V—laa)xd, the density of 
water being 1. 


h=2(7 W), and ts=2( y 


Ww 1 
on, (Ips) =~ ( Imig) 
Similarly, if 2 be the length of the stem exposed 
in a liquid of density d’, we have, 


Lil | a eh G—t7) Si) dt 
(its) (1 i) "> (la—h) 1-1/d* Fig. 168 


For different values of d’ the corresponding value of 7 can be 
calculated from the above relation and the instrument can thus bo 


graduated. 


It is so graduated that when the hydrometer is floated in water, 
the scale reading is 1000, which means a sp. gr.=1°000. In another 
liquid it might be 1210, i.e. the sp. gr.=1°210. 


Commercial Hydromeiers.—The variable immersion type of 
hydrometer is generally used in different industries for finding the 
densities of liquids, and these hydrometers are named according to the 
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use to which each is put ; for example : it is called a lactometer when 
it is used to find the sp. gr. of milk (which is generally between 1 029 
and 1'033), an aleoholometer when used to find the density of alcohol, 
and a saccharometer to determine the sugar content of a solution. 


The determination of density by means of a lactometer, however, 
is not a conclusive test of the purity of the milk ; for, the density 
of skimmed milk is greater than that of unskimmed milk: so by 
adding water to skimmed milk, the density can be brought to its 
normal value. So the amount of fat should be determined along with 
the density in order to test the quality of milk. 


(3) By Nicholson’s Hydrometer.— 


In this experiment the Principle that a floating body displaces its 
own weight of the liquid in which it is floated is utilised by immersing 
the hydrometer each time up to the same index mark in the liquid 
and in water, 

Let the weight of the hydrometer be W, gm. 

It is then floated in the liquid contained in a glass eylinder and 
weights are added on the upper pan to make it sink up to the index 
mark. Let this weight be Wa gm. 


The total weight of the displaced liquid=(W1+ We) gm. ; 
Similarly, let the weight required on the upper pan to bring it up 
to the index mark when placed in water= Ws gm. 


-. The weight of the displaced water whose volume is the same 
as that of the displaced liquid=(W,+ Ws) gm. .°. The volume of 
the displaced liquid=(W1+ Ws) c.c. 

-Wt Wa 
Sp. gr.= ATA 

Alternative method (without using a Balance).—A piece of 
solid is taken which is not soluble in the liquid and also will not react 
chemically wich it. 


Let the weight required on the upper pan to sink the hydrometer 
in water up to the index mark, when the solid is placed on the upper 
pan be W4. 


The solid is then placed in the lower Pan and let the wt. required 
to sink the instrument up to the mark= Wg. 


Then (W, — W7i)=wt. of the same volume of water as that of the 
solid= volume of the solid (Sp. gr. of water= a) 


Similarly, let Ws and W, be the corresponding weights when the 
above operations are repeated in the given liquid ; then 


(%- Ws)=wt. of the same volume of the liquid as that of the 
solid. 


asa We W 
ade LE 
Sp. gr. of liquid Wa— W, 


S 
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(4) By Specifie Gravity Bottle.— 
Let the wt. of the empty bottle = W, gm. 


It is then filled completely with water and weighed. Let this - 
weight be Wo gm. 


The bottle is emptied out and evefully dried. It is then filled 
with the liquid. Let the weight be W3 gm. Then, 


LAA 
Sp. 8h" Tp ay, 


(5) By Balancing Columns ( U-iube)—The densities of two 
different liquids, which do not mix, nor have any chemical action 
with each other, can be determined by pouring them one after another 
ina U-tube. 


Take a U-tube of glass and pour first the heavier of the two liquids 
taken (say, mercury), and note that the liquid (mercury) attains the 
same level in both the limbs (Fig. 169). Now care- 
fully pour some other liquid, say, water into the 
left-hand limb. The weight of water pushes the 
mercury down in the left-hand limb and up in the 
right-hand limb, Let O be the common surface 
of separation of mercury and water. Consider the 
horizontal level AC. The pressures at these two 
points A and O must be equal because the liquids 
are at rest, and so the two columns AD and OL 
are called balancing columns. 


Now, pressure at A = force exerted on unit area at A 
= P+ wt. of the column AD of 
1 sq. cm. base 
= P+volumeof the column AD 
of 1 sq. em. base x density X g Fig. 169— 
=P+h, XP, Xg ; where P =at- The Balancing 
mospheric pressure, hy = AD, P, =density of mer- Columns, 
cury and g is the acceleration due to the gravity. 


Similarly, pressure at O=P+hePsg, where he=CL, and P= 
density of water. 


ve P+haPag= P+hiP:g; haPs = hih: ; 


That is, the height of the balancing columns are inversely proportional 
to the densities of the liquids. 

In this case, P,/P 2 is the ratio of the density of the liquid (mer- 
eury) to the density of water, i. e. it is the sp. gr. of the liquid. 


(6) By Hare’s Apparatus.—The above U-tube method can be 
applied when the liquids do not mix up, but when two liquids mix up 
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they must be kept separate, and in that case the following method, 
which is merely a modification of the U-tube method described above, 
can be adopted. By this method the relative densities of two liquids 
can be determined by balancing two liquid columns against each other. 

The Hare's apparatus consists of two parallel vertical tubes M 
and N connected at the top by a three-way tube A fitted with a piece 
of India-rubber tubing B and a clip P (Fig. 170). So it is merely an 
inverted U-tube with a side tube at the top. The lower end of each 
tube is dipped in a liquid contained in a beaker æ ory. The liquids 
are drawn up to different heights when sucked through C and they 
are kept steady by means of the clip P. Generally water is taken as 
one of the liquids. 


Let hy and hs be the heights of the 
liquid columns, having densities 9, and Ps 
respectively. The height in each case is 
measured from the surface of the liquid in 
the beaker up to the lower meniscus of the 
top of the liquid column. Let, 

P=the atmospheric pressure and 

p=the pressure of air inside the tube. 

The pressure on the liquid in the beaker (y) 
=P=gpih1+p, and that in the beaker (a) 
= P=gpaha+p; and they are equal. 


P+Gprhi=ptgoghs ; 


: or, hy =hgpa; 
Fig. 170—The Hare's h P 
(S Fg 
Apparatus. or, lis nea Pos 


That is, the densities are inversely proportional to the heights of the 
liquid columns. 


Knowing one of these the other is known. 


Note.—(i) It is to be noted that though the cross-section of the 
tubes do not come into consideration, the tabes should be of modera- 
tely wide bore in order to avoid, the effects of surface tension. If, 
however, there is any rise of the liquid column due to capillarity, 
this should be measured and subtracted from the corresponding 

height. (ii) Both the tubes need not be of the same bore, as pressure 
depends only on the vertical height. (iii) It should be tested whether 
the tubes are vertical. (iv) Take the heights after the liquid columns 
are steady, which will not be the case if the apparatus is not air- 
tight. (v) Draw a graph with hy, and he (which should be a straight 
line), and calculate hy /he corresponding to the highest point in the 
graph, -because that will introduce the least error. 

Examples. (1) The cross-sections of the two limbs of a U-Tube are 10 sq. 
cms. and 1 sq. mm. in area respectively. The lower part of both tubes con- 
tains mercury (sp. gr. 13°6). What volume of water must be poured into the » 
wider tube to raise the surface of mercury in the narrow tube by 1 cm.? 

(Pat. 1924) 
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The area of cross-section of the wide tube is 10 sq. cms., and that of the 
narrow tube is 0:01 sq. cm. 


In Fig. 171, let 4 and B be the original position of 
mercury levels in the two limbs and C and Æ the final 
positions. Let C and D be in the same horizontal level. 


The volume of mercury raised in the smaller tube 
must be equal to the volume of (ACx10) c.c. of water, 
EB xits atea=AC xits area ; 
or, 1x0°01=4Cx10; or, AC=0°:01/10 cm. 
But AC=BD, E£D=1+°-01/10=1-001 cm. 
The press, at C=the press. at D, 
Since, density of water=1. 
FCX1xg=1°001 x 13-6xg. 
«a FC=1-001 x 13-6=13°6136 cm. 
“. The volume required = 13-6136 x 10=136:136 C Fig .171 


(2) Mercury (density 13°6) and a liquid which does not mix with water are 
placed in the limbs of a U-tube, and the surface of the mercury and the liquid 
are at 3 and 28 cms. respectively from their common surface. Find the density of 

the liquid. What change, if any, would be produced, if the U-tube is immersed 

wholly in water so that it enters into both the limbs of the tube? (Pat. 1938), 
As in Art, 287(5), P+h,pig=P+h,p,9, Where P is the atmospheric pres- 

sure; hy=8 cms. ; px = 13°6 ; hga=28 cms. ; and pa is the density of the liquid. 


e pa X28=3x13'6; whence p, = Paa = 1°457. 


When the U-tube is immersed in water, the height of water in the limb above 

D (Fig. 169) will be greater than that above L; so the pressure above D being 

greater, the mercury column will be depressed a little and the liquid column will 
be raised up. 


288. Temperature Correction :— Ordinarily the specific gravity 
of a substance is determined relativo to water at the room tempera- 
ture, but if true specific gravity is to be obtained it must be relative 
to water at 4°C. If, however, the water is taken at the room tempera- 
ture ¢°C., the true specific gravity of the substance would be given 
by the product of the actual value of sp. gr. obtained by experiment 
at 4°C., and the sp. gr. of water at tO. For the true sp. gr. at 4°0, 


weight of any volume of a substance 
weight of an equal volume of water at (°C 


weight of the same volume of water at £0, 
weight of the same volume of water at 4°C, 


~Sp. gr. of the substance at t°C. x sp. gr. of water at tO. 


(N.B.—In the C.G.S. unit, density is numerically equal to sp. gr.) 


Examples. (J) A piece of metal weighs 100 grams in air and 83 grams in 
water. What would it weigh in a liquid of specific gravity 1:5? (C. U. 1915). 
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The weight of the volume of displaced water=100—88=12 grams. 
.*. Volume of the body=yolume of the displaced water=12 c.c. 


_ The weight of 12 c.c. of the liquid= 12x1-5=18 grams. Hence, the apparent 
weight of the: body in the liquid=100—18=82 grams. 


(2) A test-tube is loaded with shots so that it floats in alcohol immersed to a 
mark ‘on the tube, the tube and shots weighing 17'1gm. The tube is then placed 
in water and shots added to sink it to the same mark ; the tube and shots now 
weigh 203 gm. Find the specific gravity of alcohol. (Pat, 1922). 


‘The wt. of displaced alcohol whose volume is equal to that of the test-tube up 
to the mark=17-I gm., and the wt. of he same volume of displaced water 
=203 gm. 

Hence, sp. gt. of alcohol =!7"1 — 0-84. 

20°3 

(3) A lump of gold mixed with silver weighs 20 grams. The specific 
gravity of the lump is 15. Find the quantity of gold in the lump. (Sp. gr- of 
gold=19'3, sp. gr. of silver =10°5) 


Let W, be the weight of gold in the lump, and We that of silver in 


the lump. 


the volume of silver=W2/10°5 c.c. 


The volume of gold=W1/19°3 c.c. ; 
en the lump is weighed in water, is 


The weight of displaced water, whi 


Wy va) 
193 tios / &™ 
_ weight of the lum in air , or, 15= 20 
FNE Ep SEE GEME RMRI, ‘weight of displaced water ’ =’ Wal Wa 
19°38 10°5 


or, 10:5 Wi+19'3 W.=270°2 ; and W,+W,=20 gm. ; whence W,=1316 gm. 


(4) The crown of Hiero weighed 20 pounds. Archimedes found „that 
immersed in water it lost 1:25 pounds. The crown was made of gold and silver. 


Find the weight of these metals. (Sp. gr. o old=19;3 ; sp. gr. of silver=10'5). 
aoe ear te (Dac. 1942) 


then Wi+W2=20 Ibs. 
x625) 
x625) 


Let W, lbs. be the wt. of gold, W, that of silver, 


is 19°3; hence the density of gold=(19'3 


The specific gravity of gold 
Similarly, the density of the silyer=(10°5 


Ibs. per cu. ft. (see Art. 284). 
Ibs. per cu. ft. 


i Ka ft, 
the volume of silver =i555 xori 


; SE a) sae ft. 
. The total volume of the crown =( 19°3 + 105 X S25 cu. 


e volume of this 
crown. 


W, S 
The volume of gold 19°38 x60°5 cu. ft. ; 


Now, the weight of the displaced water=1:25 Ibs. Th 
water =(1'25/62°5) cu. ft. and this must be equal to the volume of the 


A E A E E TENER Wi W: 24-95 
Bonni, CA io) erm ore? jo3t1087 
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Also, we have, Wi+W2=20. From these two equations we get, 

W,=15:078 1b. and W,=(20—15'078)=4:922 Ib. 

(6) The mass of an alloy of copper and lead is 320 gm. ; the total volume 
is 30 c.c. Find the volume of each metal. (Sp. gr. of copper=8'8 ; sp. gr. of, 
lead =11-3). 


Let x c.c.=volume of copper; y c.c.=volume of lead. 

a's Mass of copper=x x 8-8 gm. ; mass of lead=yx11'3 gm. 
Hence, xx88+yx11-3=320; and x+y=30. 

Solving these equations, we get, x=7°6 C.c. ; y=22'4 c.c. 


(6) A cylindrical tube one metre long and one centimetre in internal 
diameter weighs 100 gm. when empty and 150 gm. when filled up with a 
liquid. Find the specific gravity of the liquid. 1(Pat. 1928) 


The wt. of the liquid=150—100=50 gm. 
The yolume of the liquid=internal yolume of the cylinder 


=? (0'5)2 100=787 c. c. 
7 


5i 
8 


But the density of water is 1 gm. per c.c.; so sp. gr. of the liquid 


«, The density of the liquid= m gm. per c.c.=0636 gm. per c.c, 
(1S5 


<05 =0636. 


(7) A mixture is made of 7 c.c. of a liquid of specific gravity 1:85 and 5 c.c. 
of water. The specific gravity of the mixture is found to be 1-615. Determine 
the amount of contraction. (C. U. 1927) 

Mass of 7 ce. of liquid of Sp. gt. 185=7x1-85=12:95 gm. 

Mass of 5 c.c. of water=5 gm. ,', Mass of the mixture=17°95 gm, 

3 . P = mass _ 17°95 

Volume of the mixture= density 7 161 

Hence the amount of contraction =(7+4-5) = 11:11.=0°89 c.c. 

(8) A cylinder of iron of specific gravity 7°86 and volume 200 c.c. floats on 
mercury. Calculate the volume of mercury displaced. Calculate also the volume 
of mercury displaced by the iron, when water is poured on the top of mercury 
to cover the iron completely. (Sp. gr. of mercury =13°6.) 

If V be the volume of mercury displaced in the first case, we have mass 
of mercury displaced=mass of iron; or, Vx136=200%7°6; .-. V=115:69 cc, 

If V’ be the volume of mercury displaced in the second case, 

the volume of water displaced=(200— 7%) c.c. 

So the mass of water displaced=(200—V’)x1 gm. ; and 

mass of mercury displaced=(V’x18°6) gm.; mass of iron=200x7'86 gm. 

We have mass of mercury displaced+mass of water displaced = mass 
of iron. 

or, (V’ x 18'6) +-(200—V’) x 1=200 x 7°86 ; 

<. 1267'=200 (7°86-1)=200x6-86; .. V’=108°9 c.c. 

(2) A block of wood of specific gravity of 0°85 floats in water. Some kerosene 
of specific gravity 0°82 is poured, on the surface of water until the wooden 
block is completely immersed. Calculate the fraction of the block lying below 
the surface of water. 

Let V be the volume of the block in the kerosene and V the volume below 
the water surface. < 


Vol. I—17 


=11]1 cc, 
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So the total volume of the block=V+9’. .°, Wt. of block=(V+V’)x0°85. 
The upthrust in kerosene=wt. of V c.c. of kerosene=0'82 V gm. 
The upthrust in water=wt. of V’ c.c. of water=)" gm. 
J, Total upthrust=(082/+)’)=wt. of the block=(V +p) x085. 
J. 082V +4’ =0°85V +085’ 5 or, 003 =O 159". 
Pat. ANAVES E AEA 
oy eto Vey 1+5 6 
Hence 1/6 of the block is below the water surface. 
(10) A body of specific gravity 2'505 is dropped gently on the surface of a 
Salty lake (sp. gr. 1025). If the depth of the lake be a quarter of a mile, find 
the time the body takes to reach the bottom. (Pat, 1941) 
If m be the mass of the body, the volume of the body=m/2°505=the volume 
of the displaced liquid. 


So, the weight of the displaced liquid = (; m> 1-025 )g 
508 


=the buoyancy, or the upthrust, acting on the body, and the force tending 
to bring the body down in the liquid=mg, the wt. of the body. 


Hence the resultant downward force 


Therefore, if f be the 


m si = 
=m- (i x1 025) 9 mg (2 
acceleration with which the body is going down the liquid, 


fooxi ee. If d be the distance travelled in time t, d=4ft2 (the 
initial velocity u being zero) ; or, 2= 2d 92x (440% 8). 2°505 4468 87 
7 Í 1°48 xg g 
668 
i or, t= =~ sec. 
No 


(11) A «ylinder is 2 ft. high and the radius of the base is 3 ft. ; its specific 
gravity is 0'7. It floats with its axis vertical, Find (a) how much of its axis 
will be under water, (b) the force required to raise it 1 inch. (Pat. 1930) 


(a) Volume of the cylinder= x (3)* x2 = 998 = 56'571 cu. ft. 


_ Sp. gt. of the substance of the cylinder= Whe oP Arou Eanan eee 


— =07. 
62°5 l 


J. Mass of 1 cu. ft. of the cylinder=62:5 x07 
“ee J. Mass of the cylinder=62-5x 0'7 x56°571 Ibs. 
w: _ This is equal to the mass of water displaced by the cylinder. 
= ‘Volume of water displaced = fe ee 
=0°7%56°571 cu. ft.=volume of the cylinder under water. 


Area of the base of the cylinder= r eet Og, ft. 
BHAT 
ai Cangik of thetixia immersed = (07x 38:071 hee 1-4 ft, 


2 


(b) Force exerted by the cylinder=wt. of the cylinder 
= 62/5 x0°7x 56571 Ibs.-wt. 
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When the cylinder is raised 1 inch, ie. when I-4— yore tt. of its 


axis is under water, the buoyancy of water=wt. of the water displaced =62*5 x vol. 
of water displaced in cu. ft.=62°5 x vol. of cylinder immersed, 7 
oy 56571 T9 i} 

=62 ox( q7 % TP) tba.-ut, ~ be 

But the buoyancy when the cylinder was floating with 1'4 ft. under 
water =62°5 x 56:571 x0°7 Ibs.-wt, The force required to raise the cylinder — 
by 1 inch = (62°5 x56:571 x0-7)— (69-5 56,871 x7) ý 


=625x 56'571 ( oT -57 ) =]147:32 1bs.-wt,=(147:82x39) poundals. 


(12) A cylinder of wood whose specific gravity is 0°25, has another cylinder 
of metal (specific gravity 80) attached to one end, The cylinders are 2 inches 
in diameter, they have the same axis, and are respectively 20 inches and 1 inch 
long. If the whole is placed in water, find how much of it will be above the 
surface. (C. U. 1935) 


Volume of wond = x1% x20=20r on. in. ; Vol. of motal=r x17 xl=r ou, in. 
Their total volume =20r +r =21r cu. in. i 8p. gr. of wood =0'95. 


Mass of 1 on. fti of wood =(62°5x0°95) Ibs. Honea mass of 20m on, in. of 
We Wer r ; 
wood = ( 1723 AIK XO a5 )ib. And mass of metal= (se x62°5 xa)Ib, 


Their total muas = fr x60: (5+8) } 1b. This is equal to the masa of the 


s A £ 7x1 r a : 
displaced water, whose volume = 1728 xhx62? (yx x6? s) 


s 3 + FXG25 p u TXBTR a, 
where k=height in inches under water. .". i798 * "709 x13; 


or, h=18 inches, Hence, the height above the surface =21—18=8 inches. 
(13) A ship with her cargo sinks« inches when she goes into a river from x 
the sea. She discharges her cargo, while still on the river, and rises g inches 


and on proceeding again to sea she rises by another y inches. If the sides of 
the ship be assumed to be vertical to the surface of water, show that the specific 


gravity of sea-water is ah 
Let x inches=the length of side (of the ship with cargo) immersed 
when in sea-water before going into the river ; 


: 5 k i 
then m+ inches=the length immersed in river ; ` 


z+4-8 NA AOR az s os  (withont cargo) ; Me 
C44 —B my Rid temic i ie thay sea (without cargo). 
Now if p=densitv of soa-water and PT = density of river water, wa have 
wt, of shinteargo=p,r=p, (r+4), and 
wh of shin -cargo =pla+«—f—y) =p, (x +«—), 
So, pr=p, z4x) se StL) 
plr+t-8 -y ep, (a +%—8) Ws 19) 


Subtracting (2) from (1), ply—x+8)—p,8. 
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Questions 


1. A piece of iron weighing 275 gm. floats in mercury (sp. gt-= 13°59) with 

5/9 of its volume immersed. Find the volume and the sp- gt- of iron. 
{Ans. 36°42 c.c. ; 7°55] (C. U. 1946) 
= 2. A piece of wax of volume 22 c.c. floats in water with 2 c.c. above the 
surface. Find the wt, and the sp. gr. of wax. (C. U. 1947) 

[Ans. 20 gm; 0909] 

3. Why in C.G.S. units the values of density and sp. gr. are the same ? 
(CG. U. 1947) 
of 144 gms. of an alloy of two metals of sp. gr. 8 and 12 
is found to weigh 129 gm. when totally immersed in water. Find 
ton by weight of the metals in the alloy. (Pat. 1939) 


Jet wyewt. of metal 4.7, We of metal B=(144—w). 


altze) = (ita 120) , whence w;=72 gms.] 


ns. 1:1] 
A cylinder of iron floats vertically and fully immersed in a vessel con- 
mercury and water. Find the ratio of the length of the cylinder 
in water to that immersed in mercury. (Sp. gt. of mercury=1 
p. gt. of iron=7°78). (Pat, 1955) 
ns. 97: 113) i à 
A piece of cork (sp. gr. 0:25) and a metallic piece (sp. gr. 8*0) are bound 
her. Tf the combination neither floats nor sinks in alcohol (sp. gr- 08), 
te the ratio of the masses of cork and metal. (U. P, B. 1947) 
9/22] 
A solid body floating in water has one-sixth of its volume above the 
What fraction of its volume will project, if it floats in a liquid of 


Sp 


How do you find the specific gravity of a solid lighter than water ? 

‘of cork whose weight is 19 gram is attached to a bar of silver 
and the two together just float in water. ‘The specific 
Iver is 105. Find the specific gravity of cork. (C. U. 1925) 
Explain how you would determine the specific gravity of an insoluble 
the specific gravity bottle. 

gravity ‘bottle weighs 1472 gram when empty, 39°74 gram when 
ter, and 4485 gram when filled with a solution of common salt. 
: c gravity of the solution ? (G. U, 1934) 


1204] : 
Describe an experiment to find the specific gravity of a solid soluble ` 
ý A (C. U. 1944; Pat. 1949) 

tal is 19, what will be the weight in — 
=: meen, U. 197m 


ty 
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12. 603 gm. have to be placed on the pan of a hydrometer to sink it 
up to the mark in water and 68 gm. only in alcohol. If the hydrometer 
weighs 200 gm., what is the specific gravity of alcohol ? (C. U. 1931) 

[Ans. 0794. ] \ ; 

13. Explain clearly how you would determine the specific gravity of a 
liquid by a Nicholson's hydrometer without using a balance. 

14. You are given a specific gravity bottle, enough kerosene and water, 
heating arrangement and a table of densities of water at various temperatures, - 
How would you find the density of kerosene at 50°C., the room temperature 
being 30°C. (Pat. 1982) 


CHAPTER XII 
h l PNEUMATICS 


289. The Earth’s Atmosphere :—The gaseous medium which 
surrounds the earth is called its atmosphere. With this enyeloping — 
atmosphere the earth continuously rotates about the polar amis while — 
moving along its orbit round the sun, the atmosphere being held bound — 
to the earth by the action of gravity. This gaseous atmosphere isa 
mechanical mixture of several gases and its composition slightly varies 
from one locality to another. Besides water vapour, if contains 
about 77% nitrogen, 21% oxygen and 1% argon by weight. Tho 
romaining 1% includes traces of carbon dioxide, ammonia, hydrogen, 
neon, krypton, helium, ozone and xenon. The composite gas, like 
liquids, transmits pressure and possesses volume elasticity, and unlike 
liquids, has no free surface, is highly compressible and capable of 
expansion. A definite volume of it has a dəfinite mass and so it has 
got some weight. 


I OD ae ae a 


Densities of Some Gases 


Unit | Hydrogen | Heliam | Nitrogen | Oxygen visit Air | 
JENS ws ee SS ee Ua 
gm./o.ce 0:00009 | 0'000178 | o:00195 | 000143 | 0°00198 | 0:00129 k 
| } 
Ib./ou. ft. | 0005 |oo | oors | oos9 | oi | o'o8 


Í 


290. Physics of the Atmosphere :— In meteorology two types 
of balloons, the recording balloon and tho pilot balloon, and morg 
recently rockets and artificial satellites are used for investigations of 
the upper atmosphere. Recording balloons are Hydrogen-filled and 
automatic recording instruments such as the barograph, thermo- 
meters, etc. are contained in them. They finally burst out as they 
nscend higher and higher. The meteorograph, as it lands on the — 
ground, is protected from injury by a special device adopted ini 
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balloon. The heights of the balloons are observed by an instrument 
called the theodolite. 


The gaseous medium constituting the atmosphere cannot expand 
indefinitely as it extends upwards, for the expansion is finally limited 
by the action of gravity. The deasity decreases with the height 
of the atmosphere increasing, but nothing is definitely known us to 
the height to which the atmosphere really extends, though it must 
have a limiting height. Estimates vary roughly between fifty to 
several hundred miles for this limiting height. But what is definite 
is that the atmosphere is more and more rarefied upwards and prob- 
ably it is finally reduced to a vacuum in the interstellar space. Even 
interstellar space which is ordinarily regarded as the best vacuum, 
contains traces of matter in the gaseous form, about one atom per c.c. 


< Tt is modern practice to give distinctive names to some definite 
layers of the atmospheric belt depending on their characteristic 
physical properties which are more or less known now 
The atmosphere is divided into four distinct zones known 
(i) troposphere, (ii) stratosphere, 
(iit) ozonosphere and (iv) iono- 
sphere including Appleton layer 
and Heaviside layer. Up to a 
height of about 6 miles above 
the earth’s surface, thé tempera- 
ture of the air diminishes steadily 
as the height increases, This 
‘ayer of diminishing tem) erature 
is known as the troposphere 
(Wig. 172). The layer above this 
is generally called the strato- 
sphere. Formerly it was thought 
inig the temperature in this 
Fig. 172—The Ioni-ed Layers region was constant at about— 
of the Atmosphere. 60°F. Recent researches reveal, 
owever, that the temperature in this region increases with height, 
_ though very slightly. A layer of constant temperature called the 
tropopause, divides the troposphere from the stratosphere. On the 
top of the stratosphere an Ozone layer has been discovered. This laver 
= Absorbs the strong ultra-violet rays coming from the sun and this 
_ layer is’ responsible for reflecting all sound waves travelling upwards 
from the earth, So beyond the Ozone laver, the region is a valley 
of silence. It has been confirmed now-a-days from studies with 
radio waves that beyond the Ozone layer the upper atmosphere is 
highly electrically conducting, first pointed out by Balfour Stewart 
and subsequently insisted on by Kennelly and Heaviside and is known 
now-a-days as the Kennelly-Heaviside layer. A layer discovered 
by Apppleton above this layer has been named as the Appleton 
layer. These conducting layers are only ionised layers of the atmos- 
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phere and the existence of such layers has been proyed now-a-days 
as a result of intensive radio-investigations since the twenties of 
this century. These ionised layers constituting a spherical belt 
ound the earth collectively form what is often referred to as the 
ionosphere. The heights of these layers are liable to both regular 
and irregular changes during the night or day, and duo to various 
celestial phenomena still obscure to us. 


Radio-communiertion round the globe by the help of short waves, - 
has been possible due to the exi-tence of these conducting layers. 


291. The Atmospheric Pressure :—If the whole atmosphere 
over the surface of the earth is supposed to be divided into a number 
of layers of air, one above another, then it is evident that the surfaco 
of the earth, or any particular layer of air over it has got to bear the 
weight of the layers above, and is thus exposed toa pressure which is 
called the atmospheric pressure. This pressure at a place will, there- 
fore, be equal to the weight of a column of air of unit cross-section 
and height equal to that of the atmosphere above that place. The 
value of this pressure is 15 l5s.-wt. per sq. inch. or 1,013,961 dynes 


Per sq. cm. approximately on the e.rth’s surface and diminishes up- 


wards gradually. 


The following tabla shows how the atmospheric pressure at 
different places in India changes with altitude, ie. their heights above 
the sea-level, 


Place Altitude Mean Atmospheric 
Pressure 
Calcutta 21 ft. 762'4 mm, 
Bombay 88.;, 7598 ,, 
Simla 7288 ,, 586°5 ,, 
Darjeeling 7425 ,, 580°2 ,, 


292. Air has Weight :— 


Experiments. (1) Take a fairly large flask fitted with a rubber 
cork through which passes a glass tube. To this is attached a piece 
of rubber tuhing provided with a clip. Put a little water in the flask 
and boil it after opening the clip. After some time close the rubber 
tubing with the clip and also remove the flame. Weigh the flask 
when it is cooled. Now open the clip; air rushes in ; weigh again. 
The differance between the weights is the weight of the air that has 
entered the flask. 


(2) The following experiment was done by Otto Von Guericke 
of Germany in 1650 for the first time to prove that air has weight. 


» A glass-glohe, about 4 inches in diameter and provided with a 


stop-cock, is taken (Fig. 173). The globe is exhausted as much as is A a 
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balloon. The heights of the balloons are observed by an instrument 
called the theodolite. 


The gaseous médium constituting the atmosphere cannot expand. 
indefinitely as it extends upwards, for the expansion is finally limited 
by the action of gravity. The density decreases with the height 
of the atmosphere increasing, but nothing is definitely known as to 
the height to which the atmosphere really extends, though it must 
have a limiting height. Estimates vary roughly between fifty to 
several hundred miles for this limiting height. But what is definite 
is that the atmosphere is more and more rarefied upwards and prob- 
ably it is finally reduced toa vacuum in the interstellar space. Even 
interstellar space which is ordinarily regarded as the best vacuum, 
contains traces of matter in the gaseous form, about one atom per c.c. 


Tt is modern practice to give distinctive names to some definite 
layers of the atmospheric belt depending on their characteristic 
physical properties which are more or less known now-a-days. 
The atmosphere is divided into four distinct zones known as the 
(i) troposphere, (ii) stratosphere, 
(iii) ozonosphere and (iv) iono- 
sphere including Appleton layer 
and Heaviside layer. Up to a 
height of about Gy miles above 
the earth's surface, the tempera- 
ture of the air diminishes steadily 
as the height increases. This 
‘ayer of diminishing tem) erature 
is known as the troposphere 
(Fig. 172). The layer above this 
is generally called the strato- 
sphere. Formerly it was thought 
inb the temperature in this 

Fig. 172—The Ioni-ed Layers region was constant at about— 

of the Atmosphere. 60°F. Recent researches reveal, 
however, that the temperature in this region increases with height, 
though very slightly. A layer of constant temperature called the 
tropopause, divides the troposphere from the stratosphere. On the 
top of the stratosphere an Ozone layer has heen discovered. This ‘ayer 
absorbs the strong ultra-violet rays coming from the sun and this 
layer is’ responsible for reflecting all sound waves travelling upwards 
from the earth. So beyond the Ozone layer, the region is a valley 
of silence. It has been confirmed now-a-days from studies with 
radio waves that beyond the Ozone layer the upper atmosphere is 
highly electrically conducting, first pointed out by Balfour Stewart 
and subsequently insisted on by Kennelly and Heaviside and is known 
now-a-days as the Kennelly-Heaviside layer. A layer discovered 
by Apppleton above this layer has been named as the Appleton 
layer. These conducting layers are only ionised layers of the atmos- 
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phere and the existence of such layers has been proved now-a-days 
as a result of intensive radio-investigations since the twenties of 
this century. These ionised layers constituting a spherical belt 
round the earth collectively form what is often referred to as the 
ionosphere. The heights of these layers are liable to both regular 
and irregular changes during the night or day, and due to various 
celestial phenomena still obscure to us. 


Radio-communieation round the globe by the help of short waves, 
has been possible due to the exi-tence of these conducting layers. 


291. The Atmospheric Pressure :—If tho whole atmosphere 
over the surface of the earth is Supposed to be divided into a number 
of layers of air, one above another, then it is evident that the surface 
of the earth, or any particular layer of air over it has got to bear the 
weight of the layers above, and is thus exposed to a pressure which is 
called the atmospheric pressure. This pressure at a place will, there- 
fore, be equal to the weight of a column of air of unit cross-section 
and height equal to that of the atmosphere above that place. The 
value of this pressure is 15 \hs.-wt. per sq. inch. or 1,013,961 dynes 
per sq. em. approximately on the exrth’s surface and diminishes up- 
wards gradually. 


The following tohla shows how the atmospheric pressure at 
different places in India changes with altitude, i.e. their heights above 
the sea-level. 


Place Altitude Mean Atmospheric 
Pressure 
Caleutta 21 ft. 762'4 mm, 
Bombay 83, 7593 ,, 
Simla 7233 ,, 586°5 ,, 
Darjeeling 7425 ,, 580°2 ;, 


292. Air has Weight :— 


Experiments.—(1) Take a fairly large flask fitted with a rubber 
cork through which passes a glass tube. To this is attached a piece 
of rubber tubing provided with a clip. Put a little water in the flask 
and hoil it after opening the clip. After some time close the rubber 
tubing with the clip and also remove the flame. Weigh the flask 
when it is cooled. Now open the clip; air rushes in ; weigh again. 
The difference between the weights is the weight of the air that has 
entered the flask. 


(2) The following experiment was done by Otto Von Guericke 
of Germany in 1650 for the first time to prove that air kas weight. 


A glass-globe, about 4 inches in diameter and provided with a 
stop-cock, is taken (Fig. 178). The globe is exhausted as much as is 
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possible by an air pump and the stop-cock is 
closed. The globe is carefully weighed in a, bal- 
ance. The stop-cock is then opened and the 
globe is again weighed. The globe is found to 
weigh more now. ‘The difference in weight ob- 
viously gives the weight of the air admitted into 
the globe. 

If the volume of the globe is known, the den- 
sity of the air at that pressure and temperature 
can be determined. The same experiment can be 
performed with any gas. ‘That is, all gases have 
weight. 


293. Air exerts Pressure :— 

Experiments.—(1) Rubber Sheet and 
Glass Tumbler.— Tie a piece of thin rubber 
sheet R air-tight over the rim of a glass tumbler G 


(Big. 174). Press the other end of the tumbler (which is also open) on 


the plate B of an air-pumpatter it is well greased. 
On gradually exhausting the air from within the 
tumber through the tube T by means of a 
pump, ib will be found that the rubber sheet 
will be depressed more and more until finally it 
will burst with a loud report. This shows the 


B 


pressure of the atmospheric air on the rubber 


sheet. 


(Q) Magdeburg Hemispheres.—Tho appara- 
tus consists of two hollow brass hemispheres 
whose edges are specially designed to fit exactly 


into each other (Fig, 175). A little grease applied 


round the edges make the joint air-tight. One Fig. 174 


of these hemispheres has a handle attached to it, while 
the other has an exit-pipe provided with a stop-cock into 
which a handle can be screwed down. When there is air 
inside, the two hemispheres can be separated at the 
slightest pull but if the air is pumped out through the 
exit-pipe by means ofa pump and the handle fixed up 
after closing the stop-cock, a tremendous force is 
required to pull the two hemispheres apart. 


__ Explanation—When there is air inside, the 
internal pressure balances the external pressure, both 
being equal. Butas the air is removed from inside, 


the external pressura becomes greater and presses the 
S two hemispheres from all sides and keeps them 
£ strongly pressed against each other, requiring a vory 
Fig. 175— Jarge force to pull them apart. When air is readmitted, 
Magdeburg the internal pressure becomes equal to the external 


Hemispheres. 


pressure. 
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History :—In 1654 Otto Von Guericke, the Mayor of Magdeburg, a Prussian 
Physicist performed such an experiment for the first time in presence of Emperor 
Ferdinand III at Regensburg to demonstrate the pressure exerted by the atmos- 
phere. He used two copper hemispheres, about 22 inches in diameter. Two 
teams of horses, eight in each batch, pulling in opposite directions, failed to 
separate the two hemispheres when the air inside was sucked out by an air- 
pump first invented by Guericke. As will be found later, the force involved 
is about 3 tons-wt. 

(3) A small rubber balloon, partially filled ‘with air is placed 
inside the receiver of an air-pump. When the air is pumped out, the 

balloon expands and finally bursts when the external pressure is 
greatly reduced. 

(4) Fill a tumbler completely with water and cover its mouth 
with a piece of stout paper. Press the palm of your right hand 
on the paper and with the other hand slowly invert the glass. On 
withdrawing the right hand from the paper, the water will be found 
to remain in the inverted tumbler. This is due to the pressure of 
the atmosphere acting on the surface of water in the upward direc- 
tion. The paper helps the mass of water to present a flat surface, 
otherwise the mass of water would be divided, air would enter and 
thus the water would fall, The experiment will fot be successful, 
if there is any air within the tumbler. 

(5) Syringe or a Suction Pipe.—Dip th@ lower end of asy- 
ringe in water while moving the piston up. Thus, the air which is below 
the piston is rarefied and consequently the pressure of air inside the 
syringe is reduced. The greater air pressure on the outside forces the 
water into the barrel of the svringe. 

The drinking of a liquid by sucking through a hollow straw or 
tube is due to the partial vacuum created inside, when the greater 
pressure outside forces the liquid up the pipe. 

294, Nature abhors Vacuum :—This expression means that 
wherever there is a partial vacuum created, nature immediately fills 
it up. This was really a teaching of Aristotle. The rise of a liquid in 
a partially exhausted tuhe, as in the case of a syringe or a suction 
pipe as described above, was accordingly thought in those days as the 
result of abhorence of vacuum by nature, This belief was prevalent 
until Galileo was invited by the Duke of Tuscany to find why the 
water from a deep well could not be raised by the action of a suction 
pump. The water could be raised only to a height of about 28 feet 
from the leve! of the water in the well. The principle of abhorence 
of vacuum by nature was thus limited in its application and so the 
wise men began to doubt the truth in it, and a search for other 
explanations started. The real explanation came from a celebrated 
experiment carried out in 1643 by Evangelista Torricelli (1608-1647), 
an Italian Pilysicist and a pupil of Galileo. 

295. Torricelli’s Experiment :—The foundation of our present 


knowledge of the atmospheric pressure was truly laid by an experi- — 


ment of Torricelli which may be described as follows :— 


a 


Take a thick glass tube (Big. 176) about a metre long and com- 
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pletely fill it up with pure mercury. Close the open end with the 
thumb, invert it and open it under mercury 
contained in a bowl. The mercury falls but 
becomes steady at a height. The height of 
the mercury column is generally 30 inches 
or 76 cms. On slanting the tube, it will be 
seen that the mercury surface inside ap- 
proaches the top of the tube, but the verti- 
eal height between the surfaces of mercury 
remains constant until there is no yacuous 
space left above the mercury column (Fig. 
176). This constitutes a simple mercury 
barometer. The space above the top of 
mercury in the tube, though contains a 
little mereury vapour, is known as the 
Torricellian vacuum, after the name of 

- Torricelli. This experiment of Torricelli 
first taught the world that it is possible to 
produce a vacuum. 


That the space above the mercury column is a vacuum can be 


' tested by slowly slanting the tube until the mercury touches the top 


of the tube, when a sharp sound will be produced because there is 
no air present to act like an elastic cushion and deaden the sound. 


The downward pressure exerted by the vertical column of 
moreury is equal to the product, heiyht density x acceleration due to 
gravity. To balance this pressure an equal upward pressure is 
necessary. This pressure is supplied by the atmosphere acting down- 
wards on the mercury in the bow], transmitted through the liquid and 
finally appearing as an upward pressure 
acting within the tube. Thus the pres- 
sure of the mercury column is a measure 
of the atmospheric pressure. It is about 
15 Ibs. wt. per sq. inch. of 1°013=10° Il le Normal 
dynes yer sq. cm. The height of the ;: 
mercury column is also often used to 
express the atmospheric pressure, for it 
i8 proportional to the pressure. Thus 
the statement that the atmospheric pres- 
sure is 76 ems. of mercury meins the attial 
pressure exerted by a col'inn of mercury vacuum 
“16 cms. in height, density equal to 13°6 
gms./cic., whore the acceleration due to 
gravity is 981 cm./sec.* 

The following experiment will show 
that the mereury column in a barometer 
is supported by the atmospheric pressure Tovacuum 
and is not drawn up by the Torricellian pump 
Vacuum. Fig. 177 


Ak 
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A simple Torricelliin baroneter is placed inside a tall jar (Fig. 
177) fitted on the receiver of an dir-pump. As the air is slowly pumped. 
out, the mercury column drops and finally, whea the jar is well 
evacuated, the mercury attains almost the same leyel both inside and 
outside the tube. On re-admitting air, the mercury is again forced 
up the tube to the original height finally. If the vacuum above the 
mercury surface was the cause which drew the mercury up the tube, 
the column of mercury would not have fille. with the gradual 
removal of the atmospheric air from inside the jar. It fell because 
the pressure of the air inside the jar acting on the surface of the 
mercury in the basin outside the tube was reduced on gr dual removal 
of the air. The column subsequently rose again, as the outside pres- 
sure increased on re-admission of air. Thus it is the pressure of the 
atmosphere which really supports the mercury co'umn in a baro- 
meter and the column is independent of the, vacuum 
above the mercury surface. 


296. The Barometers :—The barometers (baros. 
weight) are instruments for measuring the pressure of the 
atmosphere. In one type barometer the pressure of the 
atmosphere is measured by the weight cf a column of 
mereury supported by it. It is called a mercurial baro- 
meter. Mercurial barometers are of two kinds—Cistern 
and Siphon barometers. 


(a) The Fortin’s Barometers.—It is a cistern type 
of mercurial barometer. The barometer tube is filled 
with pure, dry, and air free mercury and is inverted over 
a cistern of mercury. R, called the reservoir (Fig. 178). 

_ The mercury stands in the tube at a certain height. The 
tube is enclosed within a long brass casing O on the front 
side of the upper part of which there is a rectangular slit 
through which the upper level of the mercury in the tube 
can be seen and observed by the help of a small mirror 
placed on the back side of the tube. The meniscus of 
the mercury surface is 109d by a main scale U, graduated 
jn inches and centimetres on either side of the slit, with 
the help of a Vernier V, worked by the knob P of a rack 
and pinion arrangement. 


The cistern bas its upper part made of a glass 
cylinder F ‘Fig. 179) through which the surface of the 
mercury M containcd in it can be seen. The glass 
cylinder is fitted in a box-wood cylinder Æ whose lower 
end is closed by a flexible leather bag Z (usually made 
of Chamois leather), This bag has a wooden bottom N 
against which the point of the base-screw S presses, Tho Fig 178— 
screw works through the brass casing Æ which surronds A Fone 
the reservoir. By turning the base-serew, the level of ee 
the mercury in the reservoir ean be mised or lowered at will and 
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finally made to touch the tip of the ivory pointer J which is fixed 
to the lid of the cistern. The tip of the pointer is in’ the same hori- 
zontal level as the zero of the main scale U (fig. 180). The mouth 
of the cistern is provided with a seat l of leather through the pores 
of which the atmospheric pressure is transmitted from the outside 
to the inside of the cistern. The barometer tube is of wide bore at 
the upper portion so that effect of surface tension is avoided, 
but it gradually tapers to a 
narrow end haying a bulge G 
a little higher up, which rests 
on the leather seat 7 (Fig. 179). 
The end of the tube is made 
narrow in order that there may 
not be oscillations in the mer- 
cury during adjustment. 


To read the barometer, the 
base-screw S is worked until the 
mereury’ surface in the cistern 
just touches the tip of the ivory 
pointer. This is called the 
zero-adjustment. The adjust- 
ment is accomplished when 
the tip of the pointer appears 
to touch the inverted image 
Fig. 179 Fig. 180 produced in the clean mercury- 
surfaco below. Then keeping the eye ia level with mercury-surface, 
seen in the slit, the veraier Vis moved along the main scalo U until 
its lower edge (zero-mark) appears to be tingential to the convex 
mereury-surface, as shown in Fig. 180. The main seale 
reading below the zero-mark of the vernier plus the value z 
of the vernier reading against the main scale gives the 
barometric height at the time of observation. The tem- 
perature of the atmosphere is given by a thermometer T 
placed on the casing of the instrument (Fig. 178). 


[Note. For corrections to be applied to the observed 
barometric height, read Art. 297]. 


(b) The Siphon Barometer.—This is a portable 
type of barometer and is more convenient than a cistern 
type. It has no cistern but consists of a U-shaped tube 
having unequal limbs (Fig. 181). The longer limb AB, ahout 
a metre long, is closed at the top while the shorter limb CB fe 
serves as the cistern, To protect the mercury-surface from 
incidence of impurities, O is closed at the top, leaving a 
small opening at D to enable communication with the 
external air. In order that no air may enter into AB when 
the instrument is inclined, 4B and CB are joined by means Fig. 181 
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of a tube of narrow bore. The instrument is fixed on a wooden board 
and one scale is fixed on it against each of the two limbs to read the 
ditterence of levels of mercury, which gives the barometric height at 


the time of observation. 


(c) The weather glass or household barometer is a form of 
siphon barometer. 


It has gota dial in front of the shorter tube, which is graduated 
and marked—stormy, rain, variable, fair, etc. There is Some arrange- 
ment by which a pointer moyes over the graduated dial and indi- 
cates the pressure in inches, and also the probable state of the 
weither in the immediate future. For this reason it is called a 
weather glass. 


(d) The Aneroid Barometer ( Fig. 182).—Literally, the word 
aneroid means ‘no liquid’;so the name 
indicates that no liquid is used in this 
barometer. ` It consists of a cylindrical 
box which is exhausted of air and closed 
with a thin elastic metal diaphragm, which 
js corrugated in order to yield more easily 
to external pressure. The variations of at- 
mospheric pressure cause the diaphragm 
to yield proportionally and the change is 
indicated by a pointer connected toa 
multiplying system of levers. 


(e) Barograph.—a continuous record Fig.—182—An Aueroid 

of the atmospheric pressure can be obtain- Barometer. 

ed by means of a type of sel-recording barometer, known as the 
Barograph (Fig. 183), 
This is an  aneroid 
barometer, where in- 
dications are recorded 
ona piece of squared 
paper by means of a 
pen attached to the 
end of a long lever. 
The squared paper, on 
which a continuous 
record of the changes 
in atmospheric pres- 
sure is left, is wound 
on a cylinder which 
Fig. —183—A Barograph. tan Saar 


297. The Correction of Baromoter Readings :—The scale 
reading of a’ barometer requires to be corrected fcr temperature, and 
then certain transformations (vide Chapter Ill, Part II) are necessary 
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So that an observed barometerie pressure may be compared with the 
standard barometric pressure as defined in Art. 301, 


(1) Correction for Temperature.—A correction is to be made for 
the expansion of the metal scale (which is ordinarily supposed to be 
correct at 0°C.) with rise of temperature. This corrected height is in 
terms of mercury at tha existing temperature. So this again is to be 
transformed to zero-degree cold mercury. 


(2) Transformation to Sea-Level.—As the value of the accelera- 
tion due to gravity diminishes with the height above the sea-level, 
transformition is necessary so that the observed reading is reduced to 
the sea-level. 


(3) Transformation to 45° Latitude.—The value of gravity varies 
form place to place on the earth’s surface. It is less at the equator 
than at the poles. For correcting the above two effects. (2) and (3), 
the value of gravity’ at latitude 45° in the sea-level is taken as the 
standard. The height reduced to sea-level at latitude 45° = 
HÍ1 -0°00257 cos 24 - 1°96s x 107°}, where H = observed height reduced 
to 0°O.;2=latitude of the place and s=height (in em.) of the place 
above the sea-level. 


The reading corrected for (1), (2), and (3) would represent the 
height of the mercury column which would be supported by the 
existing atmospheric pressure at a standard temperature (i.e. 0°C.) 
and at a standard place (i.e. at the sea-level at latitude 45°), 

. 298. Diameter of the Barometer Tube :—The height of the 
mercury column supported by the pressure of the atmosphere is not 
affected by the width of the barometer tube, for, let i 


a=area of cross-section of the tube; h= vertical height of the 
column ; d = density of mercury ; g = acceleration due to gravity. 


Then, the wb. of the mercury column=a h d g=the upward force 
due to the atmosphere by which it is supported. 


Now, if the area is doubled (i.e. 2a), the upward force due to the 
atmosphere will act on twice the area, and so is also doubled. This 
force becomes =2a h d g= weight of the mereury column which it has 
to support. So the force per unit area, i.e. the pressure remains the 
same. 

299. Uses of Barometers : 
used for the following purposes :—(a) Measurement of the atmos- 
pheric pressure ; (b) forecasting of weather; (e) determination of the 
altitude of a place (vide Chapter VI, Part II). 

300. The Value of the Atmospheric Pressure :—Ordinarily the 
mereury column ina barometer may be taken to be 76 ems, (i.e. 30 
inches) high and so the atmospheric pressure is equal to the weight of 
a column of mercury 76 ems. in height and Lsq:em. in cross-section, 
or the atmospheric pressure Per sq. inch is equal to the weight of a 
column of mercury 30 inches in height and 1 sq. inch in cross-section. 


So we find that a barometer can be 
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For the calculation of the weight, the mean value of the density of 
mercury may be taken to be 13°6 gm./c.c. and the value of the accsle- 
ration due to gravity, g=981 em./sec,*. 


In C.G.S. Units : 
Atmospheric pressure = weight of 76 cc. (= 76 x 1) of mercury ; 
= 70 x 13°6 x 981 dynes per sq. cm. 
= 1013961 dynes per sq. em. 
So, it is approximately equal to one megadyne i.e. 10° dynes 


‘per om.*. 


The unit pressure used in meteorology is 1000,000 (or 10°) dynes 
per sq. cm., which is called a bar, one thousandth part of which is 
called a millibar. Thus the value of the atmospheric pressure is 
1013°961 millibars approximately. 

In F.P.S. Units : 

Again taking 30 inches of mercury as the height of the baro- 
meter, atmospheric pressure = weight of 30(=30x 1) cubic inches of 
mercury. 

We. know that 1 cu. ft. of water weighs 62'5 lb. Sol cu, inch 

6'5 
12x13x13 | 


will weigh 


62? 
The weight of 1 cu. inch of mercury =18'6 x sas lbs.-wt. 
h A 6X5 
or, atmospheric pressure = 30 x 13°6 x 1728 lbs.-wt. per sq. inch. 
5 = 14'7 lbs.-wt. per sq. inch 
= 15 Ibs.-wt. per sq. inch (roughly) 
= 15 x 32 = 480 poundals (roughly). 
[So, 30 inches heing #he height of a mercury barometer, the height 
of a water barometer wil'sbe 30 inches x 13°6 = 34 ft. approximately.] 
Similarly, to got the height (h) of a glycerine barometer, we have, 
height of water barometer x density of water=height of glycerine 
barometer x relative density of glycerine; or, 34X 1=h* 1'26 (relative 
density of glycerine = 1'26). É 


BESS 
1'26 
[Note. Pressure is often expressed in atmospheres. When any 
liquid or gas exerts a pressure of 1018,961 dvnes per sq. om. or 14°7 
Tbs.-wt. per sq. inch, the pressure is “one atmosphere”.] 


Normal or Standard Atmospheric Pressure :—For comparison 
of pressures, standard pressure is necessary. This standard pressure 
(also called normal pressure) is defined to be that due to a column 


Besh =297 ft. approximately. 


272 INTERMEDIATE PHYSICS 


of pure mercury 76 cm. in height, at 0°C., at the sea-level at 45° 
latitude. That is, 


normal pressure = 76 x 13'596 x 980°6 dynes/em®. 
= 1'013250 x 10° dynes/em.* = 1°013 x 10° dynes/em.? 


(Density of mercury at 0°C.=13°596 gm./ec., and the value of g at 
sea-level at 45° latitude = 980'6 cm./sec.*.] 


The normal or standard atmospheric pressure is a pressure equal 
to the above and is often used for comparison of atmospheric pressures 
at different places. 


301. Why Mercury is a convenient Liquid for Barometers ?— 
A column of mercury only 30 inches high is able to support the pres- 
sure of the atmosphere, whereas to suppori the same pressure, a 
column of water 34 ft. high, or a column of glycerine 27 ft. high, will 
be necessary. For this reason (i.e. due to the high specific gravity) 
mercury is used. for barometers as a matter of convenience. Besides 
this, mereury does not wet glass and does not evaporate rapidly. 


Very little mercury vapour collects in the Torricellian vacuum and 
the pressure exerted by the vapour is negligible. Moreover, mercury 
is a grey shining liquid and can be observed well. 


But the advantage in the case of lighter liquids is that a small 
variation in the barometric height can be observed more accurately, 
for a much greater variation in the liquid level is produced in their 
case. For this reason Glycerine is sometimes used as a barometric 
substance. Though the vapour of this. liquid has a low pressure at 
ordinary temperatures, it has certain objectionable features. Glycerine 
readily absorbs moisture from the atmosphere and so its density 
changes. The absorbed moisture let off into the Torricellian vacuum 
canses greater and greater depression of the column, as time advances. 

ater is not a suitable barometric liquid, for it quickly evaporates 
even at ordinary temperatures and causes considerable pressure on 
the liquid column whereby the observed column becomes appreciably 
shorter than truly what it should be. In some countries it cannot 
be used in winter when it will freeze. 


Example. The force exerted by the atmosphere on a circular plate whose 
diameter is 4:5 is equal to 33,800 pounds. Calculate the height of the mercury 
barometer, if the density of mercury is 13°6 and the weight of 1 cu. ft. of water 
62°5 pounds, 

Let h ft. be the height of the barometer. Then the force exerted on the 
Plate=the weight of a column of mercury of height A standing on the plate. 
The volume of this mercury column= zx) xh=15:9 h cu. ft. 

One cu. ft. of water weighs 62'5 lb. ; hence 159 h cu. ft. of water will 
weigh 15.9 hx625=993°7 h 1b. 

But mercury is 136 times heavier than water ; so 159 h cu. ft. of mercury 
will weigh 9937 hx13'6=13514°32xh ; and this =33800 Ib. 

or, 1351432 x h= 33800 ; or h=2501 ft. 


——— re 
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302. Variations in the Atmosphere :— a 


Pressure at Different Altitudes.— As we ascend through the 
atmosphere with a mercury barometer, the weight of air pressing upon 
the exposed surface of it is reduced and consequently the height of 
the mercury column supported by the air heeomes less and less as we 
ascend more and more ; this is confirmed by experiments of Pascal 
and Perrier; on the other hand, as we descend below the sea-level 
say, down the shaft of a mine, the weight of air pressing upon the i 
surface is increased and so the mercury column is pushed higher and 
higher. It has been found that for low altitudes there is a variation 
of 1 inch in the barometric height for a vertical rise or fall of 900 ft} 
but for greater heights this is not strictly ‘true. Hence from variation 
in the readings of a barometer the altitudes of a place, or the depth of 
a mine, can be ascertained. 


Tt has been ascertained that about 50% of the earth’s atmosphere 
Hes within 3} miles and akout 99% within 20 miles from the 
surface. The remaining part i. e. 1% extends over several hundred 
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Fig. 184 


miles in a rarefied cordition. Ata height of about 85 miles the pres- 
sure of the atmosphere is about 30 cm., and the pressure ata height 
of 20 miles is approximately 7 mm. An instrument, called the alti- 


Vol, I-18 oat a 
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meter, is used which directly indicates the pressures and the corres- 
ponding heights at different levels in the atmosphere, 


Temperature at Different Altitudes.—So far as the temperature 
of the atmosphere is concerned, it may be roughly taken to be divided 
into two regions: in the lower of which, called the “troposphere”, 
there is a fairly rapid fall of temperature with height at the rate of 
about 5°C. pet kilometre, and in the upper region, called the “strato- 
sphere’ there is appreciably no change of temperature with height. 
The temperature of the stratosphere is about—60°F. The level where 
the stratosphere begins is not fixed. It changes with the seasons 
and the geographical position of the place. The temperature of Mount 
Blanc (15,781 ft.) is 3°F. and that of Mount Everest (roughly 29,000 
feet) is about—27°F.; so at very high altitudes the aviators and 
mountaineers may be frozen to death unless special precautions are 
taken. 


303. Homogeneous Atmosphere : —It is very difficult to tell 
as to upto what height the atmosphere extends, but knowing the 
fact that the weight of a column of air of 1 sq. cm. cross-section and 
reaching from the sea-level up to the extreme limit of the atmos- 
phere will support a column of mercury 76 high, we can calculate 
the extent of the atmosphere taking it to be homogeneous, i.e. of the 
same density throughout, beginning from the earth’s surface. airing 
the density of dry air at the earth's surface to be 0'00129 gm. per c.c. 
and the density of mercury 18'6, the height of the homogeneous 
atmosphere would be 

76 * 13'6 _ ,,. 5 5 
= = = 9 
000129 8'012 x 10" em.=8'012 km. 
= 8'012/1'609 miles, (1 mile = 1'609 km.) 
= 4'98 miles or 5 miles (approximately). 


But actually the atmosphere extends up to several hundred miles 
for its density gradually diminishes. The density of air at a height 
6 miles above is 3, and 15 miles above is -ø of its value at sea-level. 
_ Opinion vary as to how high the atmosphere reaches: some put it 
as high as 200 miles or more. 


304. Pressure on the Human Body :— We know that the mag- 
nitude of the pressure of the atmosphore is roughly 15 lbs.-wt. on every 
sq. inch of everything on the surface of the earth. The surface of the 

` human body is always exposed to this pressure. The total surface area 
of the holy of a man of middle sizo is about 16 square feet. Therefore 
the pressure which a man supports is (16 x 144 * 15) Ihs-wt. or about 
15 tons-wt. Tt might seem imppossib'e how this enormous pressure 
ean be horne without any serious damage or, at least, considerable 
discomfort; but the explanation can he found in the fact that a 
bottle full of air is not crushed by the weight of the atmosphere acting 
on its sides, however thin the wall may be, because the pressure of 


= 
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the air inside the bottle counterbalance the pressure acting on the 
outside. 


If, however, the air is pumped out from inside the bottle, the out- 
side pressure would immediately crush the bott'e. Our bodies are not 
closed vessels. The lungs are full of air at atmospheric pressure and 
the air is carried at the pressure throughout the whole system, ‘Thus, 
our bodies ean easily bear the enormous surfade pressure as it is 
counterbalanced by the internal pressure. Indeed, a discomfort is 
experienced when the outside pressure is pyrtially removed. In 
the experiment of Art. 293(3) it was the outside pressure which was 
removed by the pump, and the pressure of the inside air then burst 
the balloon. So, in rarefied regions at high altitude. the moun- 
taineers and aviators experience difficulty in breathing and some- 
times the internal pressure forces out the blood through the tissues of 
the noso and tho ear. On the other hand, the divers have to work, 
under hig atmospheric preeswre—somotimes of several atmospheres 
when it is found that air dissolves in the blood-stream. The oxygen 
of the air is absorbed by the blood but the nitrogen tends to separate 
as bubbles through the tissues which causes severe piin and some- 
timos devth. This is the reason why the diver should ascend slowly in 
order to a'low sufficient time for the nitrogen to come out of the tissues 
and escape through the lungs. For example, about two hours or more 
would be necessary to bring a diver safely to the surface from a 
depth of about 2)0 ft. It has been found by the exporinent that it is 
better to supply the divers with oxygen containing helium, instead of 
nitrogen, as helium dissolves much less than nitrogen in the blood 
and it is also got rid of more quickly and so the diver can come to 
the surfaces in much less timo. 

305. Why the Barometric Height varies? Weather Fore- 
casting. 

The weather at a place is a regional proparty of the place, It 
resu'ts from too miny physical causes and so its prediction is com- 
plicated by many factors. It can, however, be roughly forecast from 
the indications of a barometer, The barometer is used to measure 
tho atmospheric pressure at a place which is equal to H x « x g, where 
H=height of the atmosphere above the place, < =the mean density 
of the air above that region, and g=nacceleration due to gravity at 
the place. The atmospheric pressure nt a place varies at different 
hours of the day, from diy to day, and from season to se"son. The 
variations evidently are due to the variations of o. Whi a vanreases, 
the pressure decroises, and on the other hand whyn o incre ses tho 
pressure increases. The changes in the nir dənsity a may ba due to 
two reisons—(1) change of temperature, and (2) change in the 
amount of water vapour in the atmosphere. Gsnerally speaking, the 
indications of a thermometer and barometer at the sama place are 
in opposite directions, i.e. with rise of te npertura, the atmospheric 
pressure falls and with fall of temperature, ‘the atmospheric pres- 
sure increases. This is because with rise of temperature air becomes 
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lighter, i.e. the density of air falls. Moreover, the moisture content 
of the atmosphere is likely to increase with the increase of temperature 
of the place due to greater evaporation. Now, increased moisture in 
the air means a fall of density of the air because water vapour is lighter 
than dry air, its density being only Z of that of dry air. So when the 
proportion of water vapour in the air becomes large, the barometer 
reading falls. A considerable fall in the barometric pressure (fall by 
about 2 em.) indicates an imminent rain. If the barometer suddenly 
falls (by about 3 cm ), air rushes violently towards the place from 
neighbouring regions of high pressure ciusing a storm. A slow fall 
ofthe barometer for days indicates a continued bad weather. A 
sharp rise iv dicates a fine wether ahead whieh may not last. A steady 
rise over a fow days indicates a good weather for some time. 


(a) Weather Charts.—They are daily issued by Meteorological 
Offices giving information about pressure, temperature, and humidity 
of the atmosphere, strength and direction of wind, the state of the 
sky, etc. Air pressures expressed in millibars are given in them by 
continuous lines, termed isobars, each of which passes through places 
of equal atmospheric pressure nt a specified time. Then nature of 
the expected weather is indicated by the closeness of the lines drawn. 
When the isobars are too close, the variation of the pressure is rapid. 
The regions of low pressure are called the cyclones and those of high 
pressure are termed the anticyclones. 


The cyclones, roughly speaking, are a system of closed curves 
usually circular or egg-shaped. In a weather chart they represent 
the pressure condition in a geographical region. The cyclones ina 
region show a depression area or a low pressure area. That means, in 
this are, the pressure is below the normal, and the pressure fall is 
directed from outsite to inside in this region. These regional lines 
are to be drawn closely since the rate of fall ordinarily is rapid. 
Occasional changes in the nature of these curves and the area of their 
enclosures are, however, not unusual. The weather experts can fore- 
cast how and in which direction the depression will move from experi- 
enco with previous charts on record. In the region of the paths of the 
cyclones, the weather usually remains cloudy or rainfall occurs. 


Tn the region of the anticyclones, the air pressure is always above 
the “BM ody is Lhe shapes of the anticyelones bear resemblance to 
of the holy of P2° The pressure in the centre of the anticyclones 
the pressure wh gradually falls from the inside to outside. The air 
15 tons-wt. Tt mi} 12 circuitous paths from within outwards. The 
Gan be borne with bigger ares than the cyclones and need not be 
discomfort; but th the rate of fall of pressure is smaller than that 
bottle full of air is ines In the paths of air-motion in this region, 

ht 


on its sides, however th\®°s cloudy, and the chance of rainfall is also 
\ 
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Exercises 


1, Describe an experiment to show that air exerts pressure. The atmosphere 
exerts a pressure of 15 Ibs.-wt./in.? nearly. Prove. 

2. Describe Torricelli’s experiment. What does it seek to prove ? 

3. What is Torricelli’s vacuum? Is it really a vacuum? In performing 
Torricelli’s experiment it is suspected that some little air has entered. How 
do you test it? 

4, Draw the sectional diagram of a Fortin’s barometer. Can the tube be 
of any diameter ? 

5. Describe a Fortin’s barometer with an index of its parts. Explain the 
function of each part. 

6. Express the magnitude of the atmospheric pressure in C.g-s. and f.p.s. 
units. What do you mean by normal pressure ? 

7. The force exerted by the atmosphere on a circular plate of diameter 
4:5 ft, is 38,800 Ibs.-wt. Calculate the height of the mercury barometer, if the 
sp. gr. of mercury is 186 and the mass of 1 cu. ft. of water is 625 Ib. 

[Ans. 2501 ft] 

B. What is an aneroid barometer? Can it be used for measurement of 
height ? 

9. What is a barograph ? Write a note on ‘weather charts’. 

10. Write a note on the forecasting of weather. 


306. Balloon and Airship :—It follows from the principle of 
Archimedes that if the weight of a body js less than that of the air 
disp'aced by it, the body will be forced up, or buoyed upas if is called, 
and will rise in the stmosphere. The difference between the weight 
of the body, and that of the air disp'aced by it, is called the “lifting 
power” of the body. The principle is applied in a balloon or airship, 
which contains some gseous substance like hydrogen, or helium, 
which is lighter than air. The combined weight of the gas, engine, 
passengers, ete. must he less than the weight of the displaced air in 
order that a balloon may rise. 


At greater heights the -pressure of the airis smaller and so a 
balloon there displaces a smaller weight of air. 


An air ship, which has a light rigid framework and also engines 
for propulsion, works on the same principle as the balloon. Though 
either hydrogen or helium may be used in airship, hydrogen has the 
great disadvantage that jt is highly inflammable whereas helium is 
not; so with helium. the risk of accident is much reduced. Tho 
advantage with hydrogen is that it is much lighter and cheaper. 


307. Parachute :— The parachute is a device like that of an 
umbrella, which resists the falling of a body by putting up air resis- 
tance, i.e. it acts as an ‘air-brake” to a falling body. 


308. The Lifting Power of a Balloon :—If d be the density | 
of the air, @ the density of the gas in the balloon, V the external 
volume of the balloon, which is the volume of the displaced air, and 
V’ the volume of the gas, the weight of the air displaced i.e. the force 
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of buoyancy due to air = Vd, and the weight of the gas in the balloon 
=V'd'; the total lifting power=(Vd—V'd'). In practice V is very 
nearly equal to V’, so the total lifting power reduces to vV(d-a ), part 
of which is used to raise the balloon itself, and the remainder goes 
to raise its passengers and cargo. The density of hydrogen=0°0694 
Xx density of air. So for a balloon filled with hydrogen, the lifting 
power = V/d—0'0694 x d)=0°9306V d. For a balloon filled with 
helium for which d’=0'1388xd, lifting power= V(d—0'1888d)= 
08012 Vd. Thus, itis found that though helium is twice as dense 
as hydrogen, the lifting power of a balloon filled with helium is 
almost equal (93 per cent.) to that ofa similar hydrogen-filled balloon. 


Examples. (l) A spherical balloon 4 metres in diameter is filled with 


hydrogen gas (density a that of air). The silk envelope of the balloon 


weighs 250 gms. per square metre. How much hydrogen is required to fill it 
and what weight can it support, the weight of a litre of air being 1:293 gms. 


The volume of the balloon= a x 23= 33°52 cubic metres, and the surface 
ca 


area of balloon= 4r X2?=50:285 sq. metres. (The wt. of 1 litre of air is 1-293 
gms.). 

Since the wt. of one cubic metre of air=1:293 kilogram. 

The wt. of air displaced by the balloon=3352x 1;293=43'34 kgm. and the 
wt. of hydrogen filling the balloon 


= + xwt. of the same volume of airs i x 43°34=3'333 kgms. 
The wt. of the silk envelope is 250 gm. per sq. metre. 
250 
1000 “8™- per sq. metre. 


~. The wt. of the silk envelope of the balloon = 50-285 x 250 =12-571 kgms. 

Hence the wt. of hydrogen in the balloon +its envelope=12'5714-3'333 kgm. 
So the wt. which the balloon can support=43-34—(12°571-+3°333) =27486 kgm. 
This is the lifting power of the balloon. ‘ 

(2) A litre of hydrogen and a litre of air weigh about 0'09 gramme and 1'3 
grammes respectively at a certain temperature (t) and pressure (p). What would 
be the capacity of a balloon weighing 10 kilogrammes, which just floats when 
filled with hydrogen having the same pressure (p) and the same temperature 
(t) as the air? (C. U. 1912), 


Let V litres be the volume of the balloon. Mass of hydrogen enclosed in 
the balloon=7x009 gm. Mass of air displaced by the balloon=Vx1‘3 gm. 

When a body just floats in a fluid, the wt. of the body is equal to the wt. 
of the displaced fluid. Hence wt. of balloon+wt. of hydrogen in it=wt. of 
air displaced by the balloon ; 


or, 10x1000+7x0:09=7 x1:3: or, y= 8264:46 litres (nearly). 
309. Boyle’s Law :—Robert Boyle (1627-1691), an Trishman, 
first established the exact relationship between the pressure of a con- 
fined mass of gas and its volume when they are varied at a constant 
temperature and the law named after him may be stated as follows :— 
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y Temperature remaining constant, the volume of a given 
mass of gas. varies inversely as the pressure. 


Thus, if P be the pressure and V the volume of a gas, 


wə have,Pe< 7 2 OY, P-K} where K isa constant whose value 


depends on the mass of the gas taken and its temperature. 
Thus, PV=K. 
If the pressure P be changed to P, at constant temperature, and 
ae corresponding volume becomes V;, we have, PiVi= K. But 
Vr K. 


Pils BV 

Thus, if a given mass of a gas at constant temperature l has 
volumes Vz, V2, Va, otc. under pressures P,, Pa, Pas respectively, 
then, by Boyle’s Law we have, Pı Vi = PaVa = PaVa = «+r = a constant, 
expressed in terms of the pressure and density of a gas. Thus let a 
given mass ofa gas at a given temperature have & volume V, and 
density dı under a pressure P,, and a volume Vo and density de. 

310. Pressure and Density :— Boyle's Law may also bo 
applied to the study of variation of density with pressure for a given 
mass of gas. Let d, be the density of the gas at pressure P, and dg 
under a pressure Pa ; then, since the mass m of the gas remains the 
same, we have 

m= d1Vy=dV2 ; or, dilda = V9/Vs. oi a) 

Thus, the density of a given mass of a gas is $ 
inversely proportional to its volume. But by Boyle's 
Law PiVi=PaVa; 

oe WeP anit Ota 

i ERPE Geeks T 
or, the density of a gas at constant temperature 
is directly proprtional to its pressure. 


P,ldi, ie. the ratio of pressure to density 
of a gas is constant at constant temperature. 


from (1) ; 


311. To verify Boyle’s Law :— 


Expt.—Boyle’s Law can be verified by a 
Boyle's Law tube appvratus (Fig. 185), which con- 
sists of a glass tube AB of uniform bore, connected 
by means of a flexible rubber tubing P to one end 
ofa sliding glass tube T of somewhat wider bore and 
open at top. The closed tube is partly filled with 
dry air, and the rubber tubing with some portion of 
both the glass tubes is filled with clean mercury. The 
volume of the air in AB is increased or decreased by 


sliding the tube T downwards or upwards. The tubes Fig. 185— 
are mounted on a vertical adjustable wooden board Boyle's Law 
provided with a graduated scale fixed between the ‘Tube. 
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of buoyancy due to air= Vd, and the weight of the gas in the balloon 
=V'd'; the total lifting power=(Vd—V'd). In practice V is very 
nearly equal to V’, so the total lifting power reduces to Vid—-a ), part 
of which is used to raise the balloon itself, and the remainder goes 
to raise its passengers and cargo. The density of hydrogen = 0°0694 
X density of air. So for a balloon filled with hydrogen, the lifting 
power = V/d—0°0694 x d)=0'9806V d. For a balloon filled with 
helium for which d’=0°1888<d, lifting power= v(d—-0 1388d)= 
08612x Vd. Thus, itis found that though helium is twice as dense 
as hydrogen, the lifting power of a balloon filled with helium is 
almost equal (93 per cent.) to that of a similar hydrogen-filled balloon. 


Examples, (l) A spherical balloon 4 metres in diameter is filled with 
hydrogen gas (density wl that of air). The silk envelope of the balloon 


weighs 250 gms. per square metre. How much hydrogen is required to fill it 
and what weight can it support, the weight of a litre of air being 1:293 gms. 


The volume of the balloon= $ *23=33'52 cubic metres, and the surface 
m 
area of balloon= 4r x22=50'285 sq. metres. (The wt. vf 1 litre of air is 1:293 
gms.). 


Since the wt. of one cubic metre of air=1:293 kilogram. 
The wt. of air displaced by the balloon=$3°52%1;293=43'34 kgm. and the 
wt. of hydrogen filling the balloon 


= + xwt, of the same volume of air= i x 43°34=3'333 kgms. 
The wt. of the silk envelope is 250 gm. per sq. metre. 
=a kgm. per sq. metre, 


~’. The wt. of the silk envelope of the balloon=50-285 x zo =12:571 kgms. 

Hence the wt. of hydrogen in the balloon +its envelope=12'571+43°333 kgm. 
So the wt. which the balloon can support=43:34— (12:571 48-383) =27'436 kgm. 
This is the lifting power of the balloon. 

(2) A litre of hydrogen and a litre of air weigh about 0'09 gramme and 1'3 
grammes respectively at a certain temperature (t) and pressure (p). What would 
be the capacity of a balloon weighing 10 kilogrammes, which just floats when 
filled with hydrogen having the same pressure (p) and the same temperature 
(t) as the air? (C. U. 1912). 


Let V litres be the volume of the balloon. Mass of hydrogen enclosed in 
the balloon=7 x009 gm. Mass of air displaced by the balloon=V%1'3 gm. 

When a body just floats in a fluid, the wt. of the body is equal to the wt. 
of the displaced fluid. Hence wt. of balloon+wt. of hydrogen in it=wt. of 
air displaced by the balloon ; 


or, 10x 1000-+7x0:09=7 x1:3 : or, 7= 1000 _ 826446 litres (nearly). 

309. Boyle’s Law :—Robert Boyle (1627-1691), an Irishman, 
first established the exact relationship between the pressure of a con- 
fined mass of gas and its volume when they are varied at a constant 
temperature and the law named after him may be stated as follows :— 


r 
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Temperature remaining constant, the volume of a given 
mass of gas. varies inversely as the pressure. 


Thus, if P be the pressure and V the volume of a gas, 


wə havo, Peet Or: P-K} where K isaconstant whose value 


depends on the mass of the gas taken and its temperature. 
Thus, PV=K. 
If the pressure P be changed to P, at constant temperature, and 
the corresponding volume becomes Vi, we have, P,Vı=K. But 
PV=K. 


PaVa = PY: 
Thus, if a given mass of a gas at constant temperature has 
volumes Vz, Va, Va, etc. under pressures Pı, Ps, Pos respectively, 


then, by Boyle’s Law we have, Pı V, = PaVa = PVs = v0 = a constant, 
expressed in terms of the pressure and density of a gas. Thus let a 
given mass ofa gas at a given temperature have a volume V, and 
density dı under a pressure P,, and a volume Vo and density de. 

310. Pressure and Density :— Boyle's Law may also, be 
applied to the study of variation of density with pressure for a given 
mass of gas. Let dı be the density of the gas at pressure Py and dg 
under a pressure Pa ; then, since the mass m of the gas remains the 
same, we have 

m = dV, = dV 2 ; or, dilda = V3/Vi. 

Thus, the density of a given mass of a gas is 
inversely proportional to its volume. But by Boyle's 
Law P4 Vi = PVs; 

Were PIE AA bt, coe 
or, Ess hy) beh, from (1) 
BAST R E POR (1) 


or, the density of a gas at constant temperature 
is directly proprtional to its pressure. 
P,/d,, i.e. the ratio of pressure to density 
of a gas is constant at constant temperature. 


311. To verify Boyle’s Law :— 


Expt.—Boyle’s Law can be verified by a 
Boyles Law tube appıratus (Fig. 185), which con- 
sists of a glass tube AB of uniform bore, connected 
by means ofa flexible rubber tubing P to one end 
of a sliding glass tube T of somewhat wider bore and 
open at top. The closed tube is partly filled with 
dry air, and the rubber tubing with some portion of 
both the glass tubes is filled with clean mercury. The 
volume of the air in AB is increased or decreased by s 
sliding the tube T downwards or upwards. The tubes Fig. 185— 
are mounted on a vertical adjustable wooden board Boyle's Law 
provided with a graduated scale fixed between the Tube. 
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two tubes for the reading of the heights of the mercury levels in the 
two tubes. 


Usually the tube AB is graduated from the top downwards to 
give the volume of the enclosed air directly. Some tubes again are 
not graduated. In their case, the volume of the air enclosed is given 
by the length of the air-column above the mercury level multiplied 
by the cross-section of the tube, which is uniform. That is, 
the volume is proportional to the length of the enclosed air-column. 
This length is determined by means of the attached vertical scale 
from the difference of the readings corresponding to the top of the tube 
and to the level of the mercury in the tube. 


When the mercury levels in both the tubes are the same, the 
prossure of the enclosed air is atmospheric. If the level of mercury 
in the wider tube is higher than that in the other tube, the pressure 
of the enclosed air is atmospheric pressure plus the difference of the 
two levels of mercury ; and it it is lower, then the pressure is atmos- 
pheric pressure minus the difference of the two levels. 


In an experiment for the verification of the law, the volume of the 
enclosed air and the corresponding pressure are determined for different 
heights of the mercury column in the tube T. 


To verify the law for pressure greater than the atmospheric 
pressure, all the readings for pressure are taken keeping the level of 
120 mercury in the wider tube higher 

than that in the other tube ; and 
Jor pressures lower than the atmos- 
pheric pressure, the level of mer- 
cury in the wider tube should al- 
ways be lower than that in the 
other. 


Plot the results on a squared 
paper where the abscisse represent 
the pressures, and the ordinates 
the corresponding volumes. The 
curve will be a rectangular hyper- 
bola (Fig. 186). 


But as P is proportional to 
Fig. 186—Boyle’s Law Curve. 1/ y, a straight line is obtained if 
P is plotted against 1/7. 


Precautions.—For the success of the experiment with a Boyle's 
law tube apparatus, the following precautions should be taken :— 
(a) The air enclosed ia the tuba AB must be perfectly dry. 


(b) The scale by which the mercury levels are read must bo 
accurately vertical. 


(c) The volume of the enclosed gas must be changed slowly so 
that the temperature of the gas may remain constant during compres- 
sion or expansion. 


VOLUME IN CC.——> 


PRESSURE IN MM—> 
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(d) In view of the variation in the atmospheric pressure during 
the experiment, the barometer should be read at the beginning and 
also at the end of an experiment, and the mein of the two readings 
should be taken. 


Verification by Graph.—If a straight line results on plotting 
P against 1/V, this isa verification of the law. It should be known 
that a straight line graph isa far more conclusive evidence than a 
curved line graph for the verification of some law. 


The law can be verified graphically even without a knowledge of 
the atmospheric pressure. To do 
this, plot the excess of pressure, | ae 
ie. pressure above the atmos- Ay 
pheric pressure, against 1/7 when 
again, a straight line. will be ob- 
tained (Fig. 187); for we have 
PV = K, a constant ; (H + X) V = K, 
or H +X -= K|V = KY ER (GED) 
where H represents the atmos- 
pheric pressure, X the excess of 
pressure, and Y stands for 1/V. Fig. 187 

This isan equation of a straight line. So, ifthe graph of X, the 
excess of pressure, and Y, i.e. 1/V, gives a straight line, the law is 
verified. 

Determination of Atmospheric Pressure.—Tho graph. just 
described provides a method o! knowing the value of A, the atmos- 
pherie pressure. For, when 1/V is zero, H+X=0, or H= —X, Hence 
His found. 

312. Isothermal Curve :—The expansion or compression of a 
gas at constant temperature is said to he isothermal (Gk. Isos, equal 
thermos, heat) expansion, or compression and the curve by which the 
relation between pressure and volume al constant temperature is 
represented is said to be an isothermal curve: or simply an isothermal. 
The curve, shown in Fig. 186, obtained by a Boyle’s Law experiment, 
js an isothermal curve. 

313. Deviations from Boyle’s Law :—It should be noted that 
for all practical purposes Boyle's Law is true for the gases like 
oxygen, nitrogen, air, hydrogen, ete. called the permanent gases. The 
permanent gases obey Boyle’s Law under moderate pressures ab 
ordinary temperatures. Bub at large pressures almost all gases 
deviate from the law more or less. A gis obeying Boyle's Law 
accurately at all pressures and temperatures is called u perfect gas, 
but no such gas exists really (vide Ohapter IV, Part II). 3 

314. Verification of Boyle’s Law by Another Method :—Boyle’s 
Liaw can be verified more simply by taking a glass tube AB about a 
motre long having a uniform bore of about 20 mm. closed at one end 
Aand openatthe other end B. The tube contains a mereury-index 
DC about 25 ems, long which encloses a column of air AD (Fig. 188). 


) 
atmos. pressure] 


— 
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Procedure.—Read the barometer and let P be the correct atmos- 
pheric pressure. Hold the tube vertically with the open end down- 
wards. The atmospheric pressure in this case presses upwards on the 
mercury column;so the pressure of the enclosed air is (P - h) where 
his the length of the mercury-column. Measure hand lı, the length 
of the air-column AD. 


Now clamp the tube with the open end upwards. The pressure 
of the enclosed air now is (P+h). Measure ls, the 
length of the air-column now. 


Tfais taken tobe the cross-section of the tube 
the volumes of the air enclosed in the two cases 
are al, and alg. Now, by assuming Boyle's Law to 
be true, we have (P - hal, = (P + hale, 
or, P- = > from which P can be calculated. 

The result can be checked up by measuring the 
length of the aireolumn when the tube is kept 
horizontal. The pressure in this case is P which 
can easily be calculated. Thus, by this method, 
we can approximately determine the atmospheric 
pressure. 


In order to hive more readings for verification of Boyle's Law 
by the above method, the tube can be clamped at various angles with 
the open end up or down. In these cases h will be the difference of 
the two vertical heights (he and hı) of the two ends, upper and lower 
of mercury-column, which can be measured by using a plumb line. 
The pressure of the enclosed air in these cases will be P(hs - hı) 
according as the open end isup or down. All the results obtained in 
various positions of the tube can be tabulated, and it will be seen that 
the product of the pressure, P-(lis - hı), and the length of the air 
column and so the volume, will be constant in each case. 


315. Faulty Barometer :—A Barometer ccntaining some nir in 
the tube will always give faulty readings; the air will expand and 
depress the mercury-co'umn to some extent. To test whether the 
baromater tube confrins air or not, incline the tube sufficiently, or 
screw up the bottom of the cistern in the casing of Fortin’s b wometer 
until the whole tube will be filled with mercury, if there is no airin 
it. Butif there be any air in the tube, it will always be left in the 
tube and so the tube cannat be comp'etelv filled up with mercury, 
however much the tuhe may be inclined or the bottom may be 
screwed up. 


As the mercury rises and falls the enclosed air obeys Boyle's Law 
and hence it is possible to determine the correct atmospheric pressure 
with such a faulty barometer by the application of Boyles Law as 
follows :— 

Determination of Correct Pressure.—Let hy be the height of 
the mereury-column and lı the length of the air-column in the tube 
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of a faulty baromater. Now raise or depress the barometer tube in the 
cistern so that the aircolumn is about double or half of what it was. 
Read the new height ha of the mercury-column and the length le of 
the air-coiumn. If P be the correct atmospheric pressure, we have, 
by applying Boyle’s Law (P-h,)<al, =(P-hz) als, where a is the 
cross-section of the tube. From this P is determined. 

Example. A faulty barometer reads 76 cms. with a space 9 cm. in length 
above the mercury in it, when the true barometer reads 77 cm. What is the 
correct atmospheric pressure, when the faulty barometer gives a reading of 
75 em. ? 

It should be noted that the volume of air in the beginning is (9xx) c.c. 
and when the barometer reads 75 cm. instead of 76 cm., the volume of air 
above the mercury-surface becomes 9-+-(76—75) «=10%, where « is the cros 
section of the tube. Hence, as explained above, we have, 

(77-76) x («x9)=(P—75) x10; or, 9=10P—750, ie, P=75°9 cm, 

316. Measurement of Pressure of a Gas: 


Manometers or Pressure Gauges.—Any device used for the 
measurement of pressure is generally called a Manometer or pressure 
gauge. In the case of the instrument which is used for mea-uring 
the atmospheric pressure, however, the manometer is particularly 
called a barometer. A manometer used for measuring low pressures 
such as in electric bulbs, radio-valyes, X-ray tubes ete., is called a 
vacuum gauge though often times manometers measuring ordinary 
low pressures below atmospheric also go by the same name. The 
same manometer is not suitable for use in all ranges of pressures and 
so modified types of manometers have been devised to meet such 
needs. The following simple instruments may be used, according to 
their suitability, in different ranges of pressures. 

(i) Open Tube Manometer.—When the pressure to be measured 
is nearly atmospheric and ditfers from it only bya small amount, 
an open tube manometer is a convenient instrument. 


The instrument consists of a glass U-tube (U) open at both ends, 
containing a Liquid of kuown density (Fig. 184) The liquid used may 
be water, oil, or mercury. If the liquid 
used is mercury, the instrument may be 
used to measure pressures, say, from + to 
14 atmospheres. One end of the U-tube is 
connected to the vessel V in which the 
pressure is to be measured. The other end 
is open tothe atmosphere. If the pressure 
of the gas in the closed vessel is the sime 
as the atmospheric pressure, there will be 
no difference of level, and in other cases, 
there will be a difference of level 4 between 
the surfaces A and B of the liquid in the 
two limbs of the U-tube, If d be the 
density of the liquid, the pressure of the 


5 P ig. 5 An O: 
enclosed gas in V=atmospheric pressure + Fig ee eas Tube 


h. d. g. Thus the height th’ of the liquid 
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column in the open tube measured from the top of the liquid 
column in the other limb gives a measure of the difference bet- 
ween the pressure of the enclosed gas and the pressure of the 
atmosphere. 


Tf the level in the open tube A is higher than the level in the 
connecting limb B in Fig. 189, the plus sign is to be used and the 
pressure of the gas in V is greater than the atmospheric pressure ; and 
if the level in A is lower than that in B, the minus sign is to be used 
and the pressure of the gas js less than the atmospheric pressure. 

(ii) Closed Tube Manometers.—(a) When the pressure to be 
measured is only a small fraction of the atmospheric pressure, one 
limb of the U-tube is sealed (Fig. 199), after the spice above the 
manometric liquid jn that limb is evacuated. The atmospheric pres- 

«gure being thus eliminated from that limb, the gas pressure p of the 
enclosed gas V will be indicated by the liquid column hi, and will 
be given by, p= h* dg. 

(b) For pressures, “say, above 13 atmospheres and upto moderate 


Vacuum 


Fig. 190—A Manometer for Low Fig. 191—An Air-manometer. 
Pressures. 


p-essures, a convenient instrument is vn air-mainoneter (Big. 191). 
This is a U-tube 
with the bend filled 
with some convenient 
liquid. ‘The sealed- 
up limb 4 contains P A 
some dry air above 
the liquid surface. 
This air gets com- 


pressed as the end B B Cc 

js connected to the 

vessel V containing 

the gas under pres- (a) M, b) 


sure. The sealed-up Fig. 192—The Bourdon Gauge. 
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limb is graduated so that the pressure (which is inversely p oportional 
to the volume of the air in A) can be directly read off from it. 


(iii) The Bourdon Gauge. —When the pressures to be measured 
differ greatly from the atmospheric pressure both above and below 
such as those in steam boilers, compressed air-reseryoirs, condensers, 
etc. or in evaporators, a Bourdon Gauge which is a metallic pressure 
gauge, is generally used. Fig.192(a) represents how the instrument 
works, while Fig. 192(b) illustrates the appearance of the instrument. 


The instrument consists simply of a hollow-tube BAC open at B 
to be connected to the supply and closed at other end 0. It is a 
spring tube usually made of a special quility of bronze or sometimes 
of brass and is of elliptical section. The pressure of the supply 
changes the cross-section of the tube to more and more circular form 
until the stress developed in the materid of the tube is balanced by 
the pressure within, and due to this change in cross-section, the free 
end C of the tube is displaced from B. As a result, the pointer P 
connected to it moves over a circular scale. The instrument is previ- 
ously graduated by referring to a standard gauge. Since the mano- 
meter tube is surrounded by the atmospheric air, the movement of O 
moisures the excess or deficit of the internal pressure referred to the 
atmospheric pressure. To get the absolute pressure of a high pressure 
supply, the atmospheric pressure at the place of observation at the 
time of experiment is to be added to the pressure indicated by the 
gauge. 

317. Evangellista Torricelli (1608—1647) :—A rupi of Gali- 
leo who succeeded him as mathematician to the Grand Duke of Tuscany.- 
He is a contemporary of Pascal. Both of them lived a very short 
life. 


He was a born experimenter. 
He showed how sma'l beads of 
glass when me'ted could be used 
as lenses of high magnifying 
power. He discovered a law 
named after him, concerning the 
flow of liquid from openings in 
a thin wall, and perhaps was the 
first worker in Hydrodynamics 


hydrostatics founded by Archi- 
medes. His greatest achieve- 
ment, however, lies in the cons- 
truction of a ‘barometer. 
Galileo had alreedy measured 
the atmospheric pressure by 
means of a water-column in’ the 
tube of a deep well in Florence, 
though he was testing ‘the 
power of vacuum, an idea 


Torricelli 


ew 
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originating fron Aristotle. Torricalli picked up the idea from him 
and in collaboration with Viviani tried a mercury-column in place of 
the water-column. 
318. Robert Boyle :—He was the fourteenth child of Richard 
y 7 . Boyle, the great Earl of Cork, 
an Irish County and wasa 
man of means. After receiv- 
ing education in a London 
School he went on an exten- 
sive tour throughout the 
continent particularly Italy 
where he studied Galileo's 
work. On return to Eng'and, 
he lived in a house where 
men of science used to meet 
and debate scientific topics. 
It was this debating club 
which was transformed into 
the Royal Society in 1662 by 
Charles II. After Guerike 
had invented the air-pump he 
began to study the properties 
of gases with it. It is he who 
first devised the plan of trap- 
ping some air above the 
Robert Boyle mercury in the closed limb 


of a U-tube with the other limb kept open. The pressure of the 
enclosed air thus could be varied at will by setting up different heights 
of the mercury in the open limb. This led finally to the important 
law known as Boyle's Law. Edme Mariotte in Paris discovered the 
same Jaw independently near about the same time and so in the 
continent this law is often called the Mariotte’s Law. Perhaps he 
is the first man who mide a systemitic study of the elements by 
che nics! analysis and he is considered to be one of the founders of 
chemical analysis. The detection of hydrogen chloride gis by pre- 
cipitation with silver solution, of iron by tincture of galls; of acids 
by means of pipers dyed with vegətable colouring matters are a few 
of his outstanding contributions to science. He discovered how sound 
is propagated through air and investigated the refractive powers of 
crystals. 

Hə was a jealous supportar of Christianity and spent a huge sum 
of money to propagate its superiority and with that object founded 
the Boyle's lecture. 

Examples. (1) What volume does a gramme of hydrogen occupy at 0°C, 
when the height of the mercurial barometer is 750 mm, (1 c.c. of H weighs 
0,00008958 gram at 0°C, and 760 mm.)? 

000008958 gram of hydrogen at N.T.P. occupies 1 c.c. 

1 gram of hydrogen at N.T.P. occupies 1/0:00008958 c.c. 
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If V c.c. be the volume of one gram of hydrogen at 0°C, and 750 mm., we 
have by Boyle's law, 


1 1 760 > 
X50 a a A ; on O SR E i 
up 000008958 too seats 0°00008958 ss 750 qora nioa 


(2) What is the depth in water where a bubble of air would just float, when 
the height of the water barometer is 34 ft.? Given that the mass of 1 cubic 
foot of water is 62°5 lb., and that of air is 5'4 oz. 

Let h ft. be the depth at which the bubble would just float, when the 
density of air is d, and let d’ be the density at the atmospheric pressure ; then 
we have, 

by Art. 310, rhi = z, But since at this depth the bubble of air just floats W 
the density of air is just equal to the density of water; so e 

34 RS ag RA 
+34 ` density of water (62°5 x 16) 

or, h=27166 ft.=9055 yd. (approx.)=5714 miles. y 

(3) At what depth in a lake will a bubble of air have one-half the volume 
it will have on reaching the surface? The height of barometer at the time 
is 76 cm. and the density of mercury 13°6. (All, 1928). 

Let the volume of air-bubble at the surface be V c.c. and the depth helow 
the surface at which the volume of the bubble is V/2 be x cm. 

x cm. of water exerts the same pressure as x/13°6 cm. of mercury. 

Hence, the total pressure on the bubble at bottom =78+ 555 cm. 


d 


Then, by Boyle's Law we have, (+ wa) x% =T6V ; 


76x 136=1033'6 cm. 


wv . 
or, 1967 TB tere 

(4). A. barometer reads 30 inches and the space above mercury is 1 inch, 
If a quantity of air which at atmospheric pressure would occupy 1 inch of the 
tube is introduced, what will be the reading of the barometer? (All, 1931) 

Let a be the area of cross-section of the tube, so the volume of air occu- 
pying 1 inch of the tube=ax1 and the pressure of the above air, before it is 
introduced in the tube=80 inches. 

When air is introduced, let the mercury-column come down by x inches 
which, then, is the pressure of the introduced air, the volume of which is 
(x+1)xa cu. inches. .*, By Boyle’s Law, 80xaxl=x(x+1) xa; 

or x2+-x—80=0; or, (x—5) (x+6)=0; or, x=+5 or, —6. ; 

According to the first value of x, the reading of the barometer will he 
30—5=25 inches; and according to the other value, the reading will be 
$0—(—6)=86 inches. But as the final reading, after air is introduced, cannot 
be geater than the original, the second value is not admissible. 

(5) A siphon barometer with a little air in its ‘vacuum’ indicates a pressure 
of only 72 centimetres, and on pouring some more mercury in the open limb 
until the vacuum is diminished to half its former bulk, the difference of the 
levels becomes 70 centimetres. What is the true height of a proper barometer ? 

(Pat. 1922) 


Let P be the volume of air in the tube and p the pressure exerted by the 


volume of air before mercury was poured in. 
The true height of the barometer=72+p. Then V/2 is the yolume of 


this air after mercury was poured in. Let the pressure exerted by this volume 
of air be py. .*, The true height =70+1. 


+ 
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Then, we have, by Boyle's Law, pV=pix V/2. >. pi=2p- 

But the true height of the barometer before pouring in mercury=72+p, and 
after pouring in mercury=70+P1: 72+p=10+pi=710+2p ; 

‘  p=2. Hence the true height of the barometer=72-+2=74 cms. 

(6) A tube 6 feet in length closed at one end is half filed with mercury 
and is then inverted with its open end just dipping into a mercury trough. If the 
barometer. stands at 30 inches, what will be the height of the mercury inside 
the tube? (G. U. 1931) 

Let x ft.=height of mercury inside the tube when inverted. The initial 
volume of air occupies§ or 3 ft. length, and the initial pressure }? ft, ; the final 


yolume=(6—x) ft. in length, and the final pressure= (+ a ft Then by 


’ 30 30 
Boyle’s Law, 5x79 = (6—2) x ea -z): 

2, Q2?—17x+15=0; or, (x—1) (2x—15)=0 ; 

Hence x=1 ft.; or, $5 or, 7} ft. 

The second root is not admissible as the height cannot be 7} ft., ien longer 
than the tube. .*, The required height=1 ft. 

(7) The height of the mercury barometer is 30 inches at sea-level and 20 
inches at the top of a mountain. Find approximately the height at the moun- 
tain, if the density of air at sea-level is 0°0013 gm. per c.c. and of mercury 
1335 gm. per c.c. 


By Boyle's Law, the density of air at top of mountain T 20 
00013 30 
7”, Density of air at top =} X0°0013 =0'00086 
., Mean density =3(0'0013+0'00086) =(°00108, 

The difference of pressure at the two points is equal to the weight of 
(80—20) inches of mercury standing on one square inch, i.e., of 10 cubic inches 
of mercury. 

Now, considering the atmosphere to be homogeneous having the density 
equal to 000108, it can be found what column of this air will be equal in 
weight to a column of mercury 10 inches high. Hence, if h be the length of 
the air-column, we have, 


=2 
=s 


Bene Ie bee _ density of mercury , i h 13°5 
length of mercury column density of air” T 10 0°00108 
è 18°5 i 
ay h= 500108 x10= 125000 inches =10416'66 ft. (nearly). 


(8) A bubble of air rises from the bottom of a lake and its diameter is doubled 
on reaching tht surface. Find the depth of the lake. 
Volume of a sphere =#r (radius)? =ġr (diameter)*. 
Vol. of air-bubble at bottom ___ am (diameter) * 


Vol of air-bubble at surface gx (2X diameter)® =i 
Volume at surface=8 times volume at bottom. 


Therefore, if V be the volume at bottom, P its pressure and P’ the pressure 
of the atmosphere, we have, by Boyle's Law, PV=P’x8V; +. P=8P’. 

That is, the pressure at the bottom is 8 times the atmospheric pressure. 

Now, taking the height of the water-barometer as 34 ft., the pressure 
increases by 1 atmosphere for every 34 ft. descent into lake. The difference 
of pressure on air-bubble at the surface and bottom is (8—1) or 7 atmospheres. 


By The depth of the lake=34x7=238 ft. 


7 Reh ieo n er — Aa 
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(9) An empty beaker floats in water with its bottom upwards and is 
gradually pushed down in that position. Show that after reaching a certain depth 
the beaker loses all buoyancy and sinks of itself. (Pat. 1941) 

Let V c.c. be the capacity of beaker; so it is the volume of air within 
the beaker at atmospheric pressure. 
When the beaker is forced down, the 

pressure on the enclosed volume of air 
increases and the volume of air within 
the beaker is diminished. At any 
moment the volume of water displaced 
by the beaker=volume of air within it 
plus the volume of the material of the 
beaker (Fig. 193). Let h cm. be the re- 
quired depth below the surface when the 
beaker loses all its buoyancy and sinks 

of itself; then at this depth the weight W of the beaker=wt. of water displaced ; 

or, W={v+W/d} x1, where W is the mass of the beaker, d the density 
bf material of the beaker and v the volume of air compressed at depth h; 

or, v=W-W/d Ri ig se s% l) 

Now, if H be the height of the water-barometer, we have, by Boyle’s Law, 
VH (at the surface)=v(H+h), at the depth h; 


Fig. 193 


or, VH=(W—W/d)\(H+h) -..-- from (1) 
aH, aH _ 
or, (H+h) = =p h Wazi) H. 
Questions 


l. Explain what you mean by the atmospheric pressure. Give a brief 
description of any form of barometer. Find the height of a glycerine-barometer 
when the water-barometer stands at 82 ft. (sp. gr. of. glycerine= 1°27). 

[Ans. 25:19 ft] (C. U. 1928) 

2. Describe an experiment to prove that air exerts pressure. How is the 
pressure measured ? (C. U. 1917, "18, "19; 26, '37; Pat. 1928; Dac. 1984) 

3. Prove that the pressure of air can be measured by means of a long 
tube containing mercury inverted over mercury in a trough, (C. U. 1940) 

4. What is Torricelli’s vacuum? Is it really a vacuum? In performing 
a Torricelli’s experiment, it was suspected that some little air has entered, 
What will you do to ascertain whether it was really so? (C. U. 1925) 

[Hints,—It contains a little mercury vapour; 0, strictly speaking, it is 
not a vacuum (see Art. 295). On depressing the tube further in the mercury 
trough, if the tube be ultimately filled completely with mercury, there is no 
air inside. If there be air, the surface of mercury will not reach the closed 
end. 
A State what happens in the following cases giving reasons :—(a) A glass 
tube 20 inches long closed at one end entirely filled with mercury is inverted 
over a trough of mercury ; (b) a narrow glass tube open at both ends is partially 
dipped in a vessel containing water. The upper end is closed by the thumb 
and the tube taken out of water. (C. U. 1922) 

6. Write a short note on the different kinds of barometers which you have 
seen in the laboratory. How is it possible to get a continuous record of the 
barometric height at a place ? (Pat. 1927) 

7. Describe a good form of standard barometer. Can a tube of any 
diameter be used as a standard barometer tube? If not, why? Why is a 
thermometer always attached to a barometer ? 

(See also Art. 298). (All. 1932). 
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8. Describe, with neat sketch and an index of parts, a good barometer 
mentioning the precautions necessary in setting up each part. Why is it 
necessary to have a good vacuum on the top of the mercury ? 

(Pat. 19215 cf. 1922, 126; 239) 

9. Describe briefly the process of constructing a Fortin’s Baromete On 
what factors does the reading of a barometer depend? Obtain an expression 
for reducing a barometet reading to that at the normal temperature. (Pat. 1932) 

lu. Describe any form of barometer you have used in your laboratory. 
Give the directions necessary for reading the atmospheric pressure, and point 
out the precautions necessary for its use. (C. U. 1921, ‘29, "35) 

1]. Describe a Fortin’s Barometer and explain how you will use it 

(All. 1980 ; Dac. 1931; C. U. 1939, '45; Pat. 1944) 

12. How does a barometer indicate a forthcoming storm ? (Dac. 1931) 

13, What do you mean by the statement that the atmospheric pressure 
at a place is 76 cm. ? What is the measure in absolute units ? (C. U. 1957) 

14, Explain fully the meaning of the statement—‘The atmosphere exerts 
a pressure of 15 lbs. per square inch nearly.’ 

How would you verify the statement experimentally ? (C: U, 1919, 41) 

15. Express the normal pressure of air in absolute units (sp. gr. of 
mercury =13'6 :g=981 cm. /sec.?). 

(Del. 1943 ; C. U. 1947 ; And. U. 1952; Del. H. S. 1954; R. U. 1955) 

16. A hollow glass sphere is weighed on a sensitive balance. The sphere 
is broken and the fragments are carefully collected (none being lost) and 
weighed. Would you expect any difference in the two weights? Would your 
answer have to be modified, if the weighings are carried out in vacuo? Give 
reasons in each case. t. (Pat. 1930) 

17. In order to determine whether air has weight, Voltaire weighed a 
flexible bladder first when it was inflated with air and afterwards when it was 
deflated. He found both weighings to be equal and concluded that air had 
no weight; criticise the conclusion. (C. U. 1926, '44) 

(Hints. —Wt. of the inflated bladder in air=true wt. of the bladder (in 
vacuum) +wt. of the contained air—wt. of air displaced by the bladder (when 
inflated). Wt. of the deflated bladder in air=true wt. of the bladder (in 
vacuum)—wt. of air displaced by the bladder (when deflated). 

In the first case, the wt. of air displaced by the bladder (when inflated) = 
wt. of air displaced by the bladder itself (i.e. the rubber portion only)+wt. 
of air equal in volume to the contained air. Therefore, ultimately the first 
wt, is equal to the second wt., ie., the wt. of the bladder in air remains 
constant.] 

18. Describe an experiment showing that Archimedes’ principle applies 
to bodies immersed in a gas. 

Griticise the statement ‘A pound of feather weighs less than a pound of 
lead. ae (CG. U. 1944) 

19. Why there is difference in the reading of a barometer at Puri and 
at Darjeeling ? (G. U. 1947) 

20. What is the effect of the pressure of the atmosphere on the weight 
of a body? Give reasons for your answer, and describe an experiment by 
which this effect can be demonstrated. (C. U. 1934) 

21. As a balloon rises to greater and greater altitude, what changes are 
found in, (a) the atmospheric pressure, (b) the density of air, and (c) the 
lifting power of the balloon, by a person in it? Explain the changes. 

% i ; (Pat. 1940) 

29, The volume of a balloon is 500 cubic metres. It is filled with 
hydrogen whose density is 0089 gm./litre. The density of the surrounding air 
is 1-250 pm./litre, What is the total/lifting force of the gas? 

[Ans. 5805 kgm.] 
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23. A balloon, weighing 150 kgms. contains 1,000 cu. m. of hydrogen and 
is surrounded by air of density 0'00129. Calculate the additional weight it can 
lit. Also, explain why the balloon will float in stable equilibrium at a constant 
altitude. (Density of hydrogen =0°00009 gm./c.c.] (Pat. 1941) 

[Hints.—Density of H per cu. m.=0'00009 105=90 gms. The wt. of 
1,000 cu. m. of H=90 kgms. So total wt.=(150490)=240 kgms. ; wt. off 
1000x108 c.c. of air=1200 kgms. .*, Litting power=1290—240= 1050 kgms, 
li will be in stable equilibrium because at a constant altitude the acceleration 
due to gravity, and also density of air, remain constant.] 

24, State Boyle's Law and show how it can be verified in the laboratory 
for pressures higher and lower than the atmospheric pressure. 

(Dac, 1941 ; U. P. B. 1944; G. U. 1952; C. U. 1957) 

25. The space above a mercury column in a barometer tube contains some 
air, The mercury column is 2840 inches long and the. space above it is 3°05 
inches long. The tube is then pushed downwards into mercury so that the 
column is 2814 inches long while the air space is 2°34 inches. What is the 
true height of the barometer ? (R. U. 1955) 

[Ans. 2087 inches.] 

26. The height of a barometer is 75 cms. of mercury and the evacuated. 
space over mercury surface has a volume of 10c.c. One cubic centimetre 
of air at atmospheric pressure is introduced into the evacuated space. What 
is the new reading of the barometer ? The cross-section of the tube is unity. 

(C. U. 1921, 129) 

[Ans, 70 cms. ; because the other value 90 is inadmissible.] 

97, Find the pressure exerted by a gramme of hydrogen in a vessel of 
5'55 litres capacity at 0°C., assuming. that the mass of a cubic centimetre of 
hydrogen at 0°C. and a pressure of 760 mm. of mercury is 9x10-5 gms. 

[dns. 15213 mm.] (Dac. 1930) 

98. Assuming the water barometer stands at 393 ft. find the length of a 
cylindrical test tube in which the water rises 1 inch. If the tube is vertical 
and pressed mouth downward into water until the base of the tube is level 
with the surface of the water. 

[Ans, 21  inches.] 

29. A column of air is enclosed in a fine tube by a thread of mercury 
25 cms. long. The air-column is 5 cms. long when the tube is held vertically 
with its open end uppermost. On inverting the tube, the air-column measures 
10 cms. Find the atmospheric pressure. 

[Hints. (P+25) x5=(P—25) x 10. P=75 cms, of mercury.] 

30. A narrow tube with uniform bore is closed at one end, and at the 
other end is a thread of mercury of known length. The tube is held vertical 
with the closed end (i) up, (ii) down. Show how the barometric height can be 
determined from the positions of the thread, assuming that Boyle's Law holds. 
(Vide Art. 298.) (Pat. 1938, '47; Gau. 1955) 

$1. How would you test whether the space above the mercury column in 
a barometer tube contains air or not ? Show how a correction for the reading 
of a barometer containing some air above the mercury-column may be found, 
when no other barometer is available. (M: U. 1937) 

32. A barometer whose cross-sectional area is one sq. cm.has a little air 
in the space above the mercury. It is found to read 77 cms. when the true 
height is 78 cms., and 71 cms. when the true height is 71°38 cms. Determine the 
volume of the air present in the tube measured under the former conditions. 

(C. U. 1987; And. U. 1952) 

[Hints.—(78—77) V=(718—71)§ V4+(77—71)x1 } 5 whence V=24 c.c. 

Jf the volume of air present is measured under normal conditions, its 
value (v) will be given by | 24x (78—77) | =v x76, whence v=0°31 c.c.] 


CHAPTER XIII 
APPLICATION OF AIR PRESSURES : PUMPS 
Air and Water-Pumps, Siphon, Diving-Bell 


319. The Valves :—A valve is a trap door hinged in such a way 
that when a fluid presses on one side, it opens up a little way sand 


E & 


(a) (a) 


Fig. 194—Some Different Types of Valves. 


allows the fluid to pass through, but it shuts up the opening when the 
fluid presses on the other side. Thus a valve allows the passage 
of a fluid in one direction only. Valves are made in many forms 
according to the purposes for which they are required (Fig. 194). 
They may be conical, ball-shaped, cup-shaped, flat, etc. but they 
all fulfill the same purpose. 


320. Air-Pump (or Exhaust-Pump) :—The term air pump 
ordinarily means a pump for exhausting air from inside a vessel, 
though the condensing (or compression) pump is also an air-pump, 
the latter being used in compressing outside air into a storage 
vessel to high pressures. 


The simplest type of an exhaust- 
pump was invented by Otto van 
Guericke in about 1650. It consists 
of a metal barrel AB fitted with an 
A air-tight piston P having a valve b 
opening upwards. The barrel AB is 
connected by means of a pipe CD 
to the plate EF, called the plate of 
the pump, on which the receiver R 
(to be exhausted) is placed. There 
is another valve a, opening upwards 
an ; at the mouth of the connecting tube 

Be om below the barrel (Fig. 195). The 
E ALAO side tube M connected to a mano- 
meter gives the pressure within R 
at any stage of exhaustion. 

Action.— Suppose the piston P is at the bottom of the barrel 
to start with. During the up-stroke of the piston, the piston valve 
b closes due to the pressure above, and the pressure of air within 
the barre! below the piston falls: So air from the vessel R lifts 
the valve a of the pipe and expands in the barrel, and thus the 


Fig, 195—The Exhaust-Pump. 
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pressure of air in R is reduced. When the piston moyes down in the 
next stroke, the inside air gets compressed and the pressure gradually 
increases and at some stage of compression the valve @ is closed. 
When the pressure exceeds the atmospheric pressure, the inside air 
opens the piston valve b and escapes into the atmosphere. The cycle 
of the above two operations goes on until the air in the vessel R is 
too rarefied to lift the lower valve a. 


321. Double-barrelled Air-Pump :—-The action of the single- 
barrelled pump is only intermittent. During the up-stroke only (vide 
Fig. 195), the pumping out action takes place. To make the action 
continuous, a double-barrelled pump is used (Fig. 196]. 


In such a pump, the two pistons (p, p) in the two barrels are 
simultaneously worked by a common rack 
and pinion arrangement (k) such that the 
two pistons move up and down alternately, 
that is, as one goes up the other comes 
down. A tube (t, #) coming from each of 
the two barrels is connected to the com- 
mon receiver at R. The rate of evacuation 
in this cise is twice of that obtained ina 
barrel pump. 

Note.—It is to be noted that a perfect 
vacuum can never be reached though the 
pressure of air in a vessel can be greatly 
reduced in this way. 

322. Degree of Evacuation :—To 


calculate the Density of Air left in the 
Receiver :— Let V= volume of the receiver F 5 
E p phe e lower valve a of the barrel a 1904 t. 
z E bi ir-pum 
Vv! =volume of the barrel between the arrol oa EE 
two valves a, b, when the piston is at the lige 
top of its up-stroke. When the piston occupies the lowest position im 
the birrel, the volume of air in the receiver is y, and when the piston 
occupies the highest position, the volume of this air is (V + V*). 
Let d = density of air originally in the receiver ; 
d,=density of air at the end of the first up-stroke. At the 
end of the first up-stroke of the piston, the volume Vofair of density d 
occupies the volume (V + V*) and is of density dı ; 


Thon, we have, since the mass remains constant, 


y 
vxd=(V+V")d. * a=( la ne “scat 
Now, if da be the density of air at the end of the second up'stroke, 


y 2 
we have, as before, ds= (<7) dy am z) d, from (1). 


i 
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Proceeding in this way, it can be shown that the density dn at 
"i i E NV 
the end of 7 strokes will be given by, dn= (“4 z) d. 


During the working of the pump, the temperature remains cons- 
tant and at constant temperature, pressure is proportional to density. 


AA fe ue ie F 
So we have Pa- (723) P=() atmosphere where P is the 
original atmospheric pressure and Pn the pressure (in atmosphere) 
after n strokes. 


UR Rix. \* 
(Note.—From the above result itis seen that as (Za) can 


never be zero, Pn can never become zero ; so a perfect vacuum is not 
possible. Moreover, at a certain stage when the pressure of air in the 
receiver becomes very low, it cannot open the first valve a, after 
which no further evacuation is possible.) 


323. Filter Pump (or Water Jet Pump) :—It is an exhaust 
type of air-pump ordinarily made of glass and is used when the degree 
of vacuum required is not lower than about 7 mm. Its special feature 
is that it needs no attention. 


The pump is shown in Fig. 197. The side-tube B is connected 
with a rubber tubing to the vessel intended for evacuation. The upper 
end of the vertical tube A which tapers below and ends 
in the nozzle N is connected to the water mains, the 
pressure of which shou'd remain constant. As a 
strong jet of water forces out of the nozzle witha 
very high speed, some air from around the nozzle is 
also entangled and carried down the tube. The 
draught produced thereby draws out the air from 
within the vessel at tlie same rate. 


324. Condensing (or Compression) Pump :— 
This pump is used for compressing air into a vessel 
usually referred to as a receiver. It consists of a 

Fig. 197— barrel AB in which a piston P works (Fig. 198) The 

Filter Pump. barrel is connected to the receiver R into which air 
is compressed. Both the piston and the end of the barrel contain 
valves b and a respectively opening towards the receiver. So, it is 
like an exhaust-pump with the valves reversed. There is a stop-cock 
T at the mouth of the receiver which may be closed after the required 
amount of compression is attained. 


Action.— The piston is moved outwards (backward stroke) and 
inwards (forward siroke) alternately. 


ae 
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Backward stroke.—To start with, the 
piston P is at the end B of the barrel, and as 
it is moved up, the pressure of air in the barrel 
below the piston falls; the valve a is closed 
by the pressure of air in the receiver; the 
atmospheric air acting on the other side of 
the piston opens the piston valve b; and the 
barrel is filled up with air at the atmospheric 
pressure, 

Forward stroke.—To start with the piston 
P is near the top A of the barrel, and as it is 
moved down, valve b is closed at some stage 
when the pressure within the barrel helow it 
exceeds the atmospheric pressure and the com- 
pressed air in the barrel enters the receiver by 
forcing the valve a open. Greater compressions 
are required at each new forward stroke to enable 
the air to enter the receiver, as the pressure 
within it increases when the strokes are repeated. 

325. The Density and Pressure of Air in 
the Receiver after n Number of Strokes ‘— 
Let V= volume of the receiver and the connecting tube ; 

V, = volume of the barrel between the higher and the lower valves ; 


d=density of atmospheric air ; dn= density of nir in the receiver 
after n strokes. The mass of air originally present in the receiver = V.d. 
At each down-stroke, a volume F; of air at atmospheric density d 
enters the receiver. Hence after n complete strokes mass of air in 
the receiver = (V +nV,)d. But its volume is V. 
ss Vinv y, 
hes dona, dy = = (ZAE ge (availa 
ts density, dn sarah y d=\1 ny d...(1) 
If tho temperature remains constant, the pressure will be directly 
proportional to density. 


If Pa bo the pressure in the receiver after n strokes and P the 
original pressure, we have 
Pn da (127 ), from (1); i. @ Pa (127a) atmospheres. 
y 4 

326. Difference between the Compression and the Exhaust- 
Pump :—(1) Both the pumps are provided with a valve in the 
piston and a valve at the end of the barrel. But the difference in 
their construction is that in the compression pump both these valves 
open towards the side of the receiver while in the exhaust-pump 
they open up in the opposite direction. (2) In the compression pump 
a quantity of air, whose volume is the same as that of the barrel, is 
forced into the receiver at each stroke, and as air from outside easily 
enters the barre! on every backward stroke, the density of the air 
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which is forced into the receiver at each inward stroke, is always 
the same as that of the outside air and consequently the mass of air 
admitted per stroke is constant. But in the exhaust-pump, the 
density of air extracted from the receiver diminishes with each stroke 
though the volume may be the same, and hence the mass of air 
withdrawn per stroke diminishes as evacuation proceeds. 


327. Compression Pump in different Forms :— 


(a) The Bicycle Pump.—An ordinary bicycle pump (Fig. 199) 
is an example of the simplest kind of a compression pump. It is 
made of a vulcanite or metal cylinder B with a piston P inside, which 
is fitted with a cup-shaped leather washer W, the rim of the cup 
being directed towards the bottom of the pump, During the up stroke 
(eft figure), the cup 
co. lapses inwards, 
the pressure below 
gradually falling 
more and more 
b e 1 ow atmosphere 
owing to the ex- 
pansion of the 
enclosed air, and 
air from above 
passes down readily 
between the washer 
and the wall of the 
cylinder into the 
lower part of the 
barrel, and during 
the down-stroke 
(right figure), the 
increased pressure 
of air presses the 
leather washer W 

i air-tight against the 
walls of the cylinder 
and sono inside air 

| can pass out. As 

V V the piston is pushed 
S down, the air pres- 

sure becomes greater 

n and it forces its 

S way into an air- 
Pe ay tube made of rubber 
(housed in an outer jacket, called the tyre) when the increased air 


pressure is sufficient to open up an inlet valve with which the air 
tube is provided. 


The connector of the pump is screwed on to this valve. This 
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latter consists of a narrow metal tubs V lined up inside with a 
rubber valve having a central bore ending in a small hole at the side 
which is normally closed by a flapping part S acting as the valve. 
During the wp stroke of the piston, the pressure of the air in the air 
tube presses the closing flap of the rubber valve which seals up the 
small side hole, and so the air cannot flow back from the air tube 
into the pump. During the down-stroke, the compressed air in the 
pump forces its way through the small hole deflecting the closing 
flap and enters the «ir tube. 


(b) Football Inflator.— This is also a compression pump similar 
in action to the bicycle pump. The difference in construction is 
that the inlet valve is different in construction and forms a 
part of the bottom of the birrel of the pump called the 


nozzle. The nozzle 
N [Fig. 200] is a 
metal tube of special 
design entirely 
closed at the delivery 
end except for two 
slanting holes (S, S) 
which can communi- 
cate with the rubber 
bladder of the foot- 
balı so that it can be 
easily introduced 
into the neck of the 
rubber bladder with 
which the grip 
should be tight. 
The central hole in 
the nozzle is conver- 
gent-divergent and 
a solid ball G can 
fully shut up the 
throat of the nozzle 
and is not carried 
past it while moving 
towards the barrel. 
During the up stroke 
(left figure) the 
greater pressure of S 
the air in the bladder S 
forces the ball @ to Fig. 200 

close the throat and 

so no air from the bladder can leave it. During the down-stroke, 
the air pressure below the leather washer W in the piston gradually 
increases and pushes the ball forward, but the latter is caught up 
finally by the delivery end of the nozzle, and at that position, suffi- 


ET 
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cient gap for the forced air to pass through the two slanting holes 
is still left at the sides. 


328. Some uses of Compressed Air :— 


The Soda-water machine acts as a compression pump. It forces 
carbon dioxide gas into a bottle containing water. The water absorbs 
the gas and is said to be aerated. This water is ordinarily called 
soda-water. 


Anair-gun may be regarded as a compression pump without 
any valve. At each stroke some more air is forced into barrel of the 
gun and becomes compressed. When suddenly re'eased, the compressed 
air expands with a great force. This force is used in air-guns, when 
the released high pressure air works upon a spring which throws out 
the bullet at a great force. 


Tithe air in an air-gun is releasd slowly, then a steady force 
may be obtained and this may be applied against a surface. The 
‘Westinghouse automatic brake’ employed in some trains works on 
this principle. 


In the air-cushion, which is nothing but a hollow rubber bag 


haying a connecting nozzle fitted with 
a valve or stop-cock, air is compressed 
into the bag by means of a conden- 
sing pump and the compressed air 
seryes as the cushion. 


Compressed air is used in the 
air-brush for spraying paints on smooth 
surfaces without leaving brush marks. 

In Oil stoves air is pumped by 2 
hand-driven compression pump into a 
pot which forces the oil to rise along 
f a vertical tube [Fig. 200(a)]. This oil 

Fig. 200(a) coming in contact with a hot surface 
is converted into vapour and burns. 


Compressed air is widely used in working what are known as 
pneumatic tools, e.g. drills ete. used in quarrying, street repairs, ete. 
Examples. (J) The barrel and receiver of a condensing pump have capacit- 


ies of 75 c.c. and 1000 c.c. respectively. How many strokes will be required 
to raise the pressure of the air in the receiver from one to four atmospheres? 


(C. U. 1925) 


Pressure after n strokes, Pn=( 1+nth) atmospheres ; where 


V,=volume of the barrel and V=volume of the receiver. 
$ 75 
we s-/( 1ta) ; or, 120=8n ; or, n=40, 
(2) If the pressure in a pump were reduced to 3 of the atmospheric 


pressure in 4 strokes, to what would it be reduced in 6 strokes? (Pat. 1931) 
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Pressure P, after 4 strokes is given by, P= atin 4 ‘ 
$ SAMS LEY ENT, $y! P, where 
P=original pressure, V=volume of the receiver, and V’=volume of the barrel. 
wate v_\* ve\e 7 
But P,=3P. 3 = Ga ee Sr 
ut Pa =5. -g(r XP. t (ar) 33 o, yey “Ys 
6 6 
After 6 strokes, Ps= ae P= rae P= i ae Bigs 
= (par)? (ga) Pra? ap 


1 


That is, the pressure is reduced oy of the original pressure. 


329. The Water Pumps :—These arə instruments for raising 
water from a lower to a higher level, most of which depend on the 
principle that the atmospheric pressure is capable of supporting a 
column of water up to a height equal to the height of the water- 
barometer. This principle will be clear by considering the action of 
an ordinary syringe. 


The Syringe.—It is an instrument the working of which 
depends on the atmospheric pressure. It is the simplest type of water 
pump. It consists of a hollow glass or metal cylinder ending in a 
nozzle and provided with a water-tight piston. When the piston is 
drawn up from its lowest position in the cylinder (the nozzle being 
dipped under a liquid), a partial vacuum is created within the 
cylinder below the piston. So the atmospheric pressure acting on 
the liquid surface outside the nozzle becomes greater than the 
pressure inside the cylinder and thus the liquid is pushed up into 
the cylinder. After sufficient liquid has been drawn into the 
syringe, it is removed; when owing to the greater external pressure, 
the liquid cannot escape through the nozzle. When the piston is 
pushed down the pressure inside becomes greater and so the liquid 
is forced out. This is the underlying principle of all the pumps, 
which are described lelow, in which the water is said to rise by 
suction. The drinking of liquid by drawing it through a straw tube 
is also a familiar example of the principle of suction. 


Pen-filler.—The ordinary pen-filler used for fountain pens, which 
consists of a rubber bulb fitted at one end of a piece of glass tubing 
drawn out to a jet, works on the same principle as above. On com- 
pressing the bulb some air from inside the tube is driven out, and 
when the jet is now placed in the ink and the pressure on the bulb 
released, ink rises up into the tube due to the external pressure on 
the ink surface being greater than the pressure inside the tube. 


In the self-filling fountain pen, the filler is inside the pen. It 
consists of a long rubber bag which is compressed by pulling out a 
metallic lever in the side of the barrel of the pen. The leyer presses 
a metal strip against the bag and this drives out some air. On 
reinstating the lever after immersing the nib in ink, the pressure is 
released and so some ink is drawn up into the pen. — ; 5 
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330. Common or Suction Pump (Tube-well Pump) :—This 
js like an ordinary syringe with an extended nozzle T terminating 
beneath the surface D of the water to 
be raised (Fig. 201). The nozzle, or the 
pipe, is connected at the bottom of the 
barrel, or cylinder AB in which a piston 
P works. Two valves or trap doors a 
and b opening upwards are fitted, one 
at the bottom of the barrel, and the 
other within the piston. There jis an 
exist spout Æ at the top of the barrel. 


Action.—As the piston is raised up 
during the first up-stroke, the pressure 
jnsi@e the barrel below the piston falls, 
the valve a opens due to the greater 
3k rte pressure of the air inside the pipe 7 and 
Down.-stroke Up-stroke the valve b closes due to the atmospheric 
pressure (which is greater) acting from 
above. The pressure on the surface of 
water in the pipe is thus less than the 
atmospheric pressure which acts upon the water outside the pipe. So, 
the water is forced up into the pipe. 


Fig. 201—The Common 
Pump. 


As the piston comes down during the down-stroke the valve a 
is closed by the weight of the water above, and the water in the 
barrel being compressed escapes through the valve b. Further 
pumping will raise more water into the barrel and finally water will 
rush through the valve b at the down-stroke and flow out by the 
spout at the up-stroke. 


One disadvantage of this pump is that it gives only an intermit- 
tent discharge (on up-stroke only). 


331. Limitation of the Suction Pump :—It should be noted 
that water is raised in the tube by the atmospheric pressure, and 
the atmospheric pressure can support a vertical column of mercury 
80 inches in length, and a column of water (30 x 18'6) inches, or 34 ft. 
long ; so the ‘head of water’ above the water surface, i. e. the distance 
between the valve ‘a’ and the surface of water ‘D’ must not exceed the 
height of the water-barometer, that is to say, 84 feet. In practice 
however, the height is less than 34 feet (practically about 25 ft. only); 
as the valves have got weight and the pump is never absolutely air- 
tight. This kind of pump is now being widly used in the tube-well. 

Examples. (1) What is the discharge of a pump having a diameter of 1 
foot, a stroke of 2 feet, and worked at the rate of 20 strokes per minute ? 

The volume of the barrel of the pump=7 x (4)?x2=1°5714 cu. ft. 

In a single acting pump half the number of strokes per minute is only 
effective in discharging water. Hence volume of liquid discharged per minute 
=15714X 49 =15°714 cu. ft. 


> 
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(2) The piston of a suction pump is 10 ft. above the level of water in a 
well and the height of the water-co'umn above the piston is 4 ft. If the 
diameter of the barrel is 6 inches, find in lb.-wt. force necessary to sustain the 
piston in the position. (1 cu. ft. ot water weighs 62'5 lbs). 

Let h be the height of the water-barometer. Then the pressure exerted 
under piston=(h—10) ft. of water and the pressure over the piston=(h--4) ft. 
of water. The difference of these two pressures=(h+-4)—(h—10)=14 ft. of water. 
Hence the necessary force=the wt. of a column of water of height 14 ft. and 

v 


radius( zS) ft. =r(4)* x 14 x625 Ibs, =171°87 Ibs. 


332. The Lift Pump :—This pump 
is only a modification of the common 
or suction pump ‘and is used to raise 
water to a desired height. Here the 
spout is turned upwards and fitted 
with a valve CO (Fig. 202) opening out- 
wards. At every up-stroke cf the piston 
the valve of the spout opens and if the 
top and collar of the pump are water- 
tight, it is possible to lifs water up the 
spout. At the down-stroke the valve A 
closes owing to the pressure of the 
water collected above it, the valved 
opens upwards and the valve æ closes 
owing to the pressure on it. 


Up-stroke Down-stroke 


(Note. If the piston be strong 3 
enough, water can be raised to any Fig. 202—The Lift Pump 
height but the head of water below the piston cannot exceed the height 
of the water-barometer (i.o. 34 ft.) if water is to be pumped.] 


333. The Force Pump :— The difference between this pump: 
and the suction pumy is that here the piston is solid and the outlet 
is fitted to the bottom of the barrel 
with a valvo b opening outwards (Fig. 
208). 


Action :— At each upstroke the 
water rises into the barrel AB and at 
each down-stroke the valve a closes, 
and the water in the barrel is forced 
out, opening the valve b, through the 
delivery pipe E. 


Arrangement for Continuous 
Flow .—The disadvantage of an ordi- 
nary force-pump is that the delivery 
=| | Be is intermittent, for it is on dord aa 

ol only. To overcome this an air-chamber 
Bony R (Big. 204) is placed in the vertical 

Fig. 203—The Force Pump. portion of the delivery pipe beyond the 


we 


- 
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valve b, At tho time of the discharge of water on the down-stroke, 
somo water collected into the airchamber which compresses tho inside 
air. On the upaitroke the compressed air expands and forces the 
water below it to flow up the pipe of tho air- 
chamber and thus n continuous flow is obtained. 


(Note Applying sufficient force to the 
handle of the piston, water can be raised to 
any height, it the machine be strong. If the 
height be very great, then water can be col- 
lected by one pump into a reservoir at a 
cortain height from which it can be raised sgain 
by a second pump.) 


Fire-Engines.- Those are used for oxtine 
guishing fro and are merely — machine-driven 
foree-pumps With the help of an air-chamber 
as described above a continuous flow ipera 
is obtained from these pumps, 


In the present form of the firo-engino, the 
continuity of the flow of water is maintained 
moro efficiently by means of two foroo pumps 


asti to a common alr-chamber and working with alternating 
strokes, i.e. whan ono piston movos down, the other moves up, 


Tn tho mat modern typos, a continuous flow of water is supplio’ 
‘by moans of a rotary oontrifugal pump operated by potrol or aloctric 
powor, 


Maximum Height to which water can be raised by Suction and 
Force Pamps.—The suction pump depende on tho atmospheric 
pressure for ite working, and the height to whieh it oin raio water 
is therefore limited to 34 ft. theorctically—much less in actua! 
practico. 


j Ina force pump, prowure is ¢ireotly applied to the liquid by 
meson of » pltton, and the action of the pump is not therefore 
| dependent on the atmospheric prowuro. The height to which water 
can bo misl by such s pump depends on the strength of ive parts 
avd doom appien, (iodi storm, or c'ectriad. Tho mixinun 
height to which it is safe to raio water in this way is, bowovor, 
about $00 ft. hese Mahir i phien SASER: 


An 
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334. The Rotary Pump:—A pomp of the rotary class ip 
valuable for uso where lack of apace prevents the adoption of an 
ordinary plunger pamp. Its 
discharge ix continuous and 
æn be worked over a wide 
range of speeds. Moreover a 
rotary oxbaust-pump ja superior 
to a piston-pump, for it ie 
simpler, faster and ow pro 
duce higher wous. Tts prince 
pal disadvantage fs due to losk- 
age past the rotating surfaces, 
which resulta in Joss of off. 
olonoy. 

The principle ofa Hyvac 
roatry pump is f!lustrted fe 
Fig. 205, Sucha pump evn be 
used to reduce the pressure in 
a vous! to about 0'001 mm, of 
mercury, 

A oylindrien! drum M nota 
in it as rotor and it is mounted 


: 
i 
€ 
i 


i 
sE 
z$ 


i ae shaft 
of contndt is shown by D at some instant of tina, P, 
port ‘trons which air from the vessi to be evacusiel 


lil 


i 
F 
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drum, between the entranes snd exit ports, ly the action of 
P. whatever be tbe Tewitlen of the sseenirio drum in 
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vosen) intended for evacuation. oll lubrientes =the shaft = 
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of the rotor is driven out through the exist valve V. The scraper 
vano K prevents any ait from flowing from the head end of the rotor 
to its tail end. 


As the rotor D continues to rotate, a time comes when the line 
of contact L passes the exit port Pe. So the exit port when becomes 
exposed to the yessel to be evacuated and the atmospheric pressure 
closes the valve V. Soon after the line of contact passes also the 
entrance port P;, when the volume of air in front begins to be swept 
out again as in the previous cycle. 


334(a). Langmuir’s Condensation Pump :— 


€ Mereury inthe bulb 4 
—> [Fig. 205(a)] is boiled by 
‘To vessel heating with a gas burner or 


by an electric heater. The 
vapour passes through B and 
jssues out through the ori- 
fice Ein vessel P which js 
covered by a water jacket J. 
The condensed mercury Te- 
turns to A through R. The 
bulb A and the tube B are 
lagged with asbestos to 
prevent the mercury vapour 
from condensing before it 
issues through Æ. The 
vessel to be evacuated is 
connected to F directly or 
through a liquid air-trap i! 
(which is partly immersed 
in liquid air contained in a 
Dewar flask) wherein the 
mereury atoms diffusing 
through F may be condensed. The vesse P is connected at the bottom 
through the side tube N to a foree-pump which reduces the pressure in 
the vessel to about 1 mm. of mercury before the diffusion-condensation 
pump begins to operate. 


Fig. 205(a) 


Tf there is a large concentration of mercury vapour in tke vessel 
P aboye the level of the jet Æ, it would tend to cut down the speed 
of pumping because the gas molecules will then have to diffuse 
through mercury before coming in contact with the stream of the 
jet. So the level of water in the jacket J should always be sufficiently 
above the level of the jet E. 


Such a pump can produce a vacuum of the order of 107® to 107° 
mm. of mercury depending on the design. Without the liquidair 
trap T, the mercury atoms diffuse into the vessel to be evacuted and 
pressure reduction will be less. 


| 
| 
E 
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i The dimension of the connecting tubes are important in deter- 
mining the speed of exhaustion. The connecting tubes should be 
short and wide for high speed of evacuation. 


Instead of mercury, organie liquids (oils) with high boiling points 
and low vapour pressures are now-a-days increasingly used in such 
pumps. 


335. The Centrifugal Pump :—I¢ is also a rotary pump with 

continuous discharge and can he worked over a wide range of speeds, 
It is suitable where a large volume of liquid is 
to be discharged against low heads and is 
widely used in irrigation. In a centrifugal 
pump, pressure energy is imparted to a mass 
of liquid, water ordinarily, by the rotation of 
an impeller wheel. The wheel is formed of 
anumber of curved blades (Fig. 206) which 
entangles the liquid and revolves in a suitable 
casing. The liquid passes from a suction 
pipe into the centre or eye, as it is called, of 
the impeller. As the wheel is rotated, say, 
by an electric motor or any other device, the 
liquid acquires a high whirling velocity, result- 
ing in an increase of pressure in a radial 
direction outwards and a tendency to out- Fig, 206— 
ward flow due to centrifugal action. Thus the A Oentrifugal Pump 
velocity is reduced and changed to pressure. 
If the speed of rotation is sufficiently high, the increase in pressure 
becomes large enough to more than balance the static head (provided 
it is low) against which it is to act and the flow takes place, This 
reduces the pressure and causes the fluid to rise in the suction pipe 
and enter the wheel at its centre. The flow takes the liquid into 
an outer shell called the volute chamber which leads to the discharge 
outlet of the pump. 


336. The Siphon :—It consists of a bent tube with one of the 
arms AB longer than the other, CD (Fig. 207). The tubo is first filled 
with the liquid to be drawn off; the two ends are then temporarily 
closed with fingers, and the shorter leg is placed in the vessel to be 
emptied below the level of the liquid. On opening the two ends, the 
liquid begins to flow. 


Let P=atmospheric pressure, d=density of the liquid and h,W= 
vertical heights of D and B above the liquid surfaces on their sides. 


The pressure ps at D urging the portion of the liquid at D to the 
left = P - hdg. 

The pressure pı at B urging the portion of the liquid at B to the 
right= P- h'dg. 

Vol. I—20 
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sag Sp <. pa~ pı=(h' —h)d.g. But h>h. 

7. The pressure at D>the pres- 
sure at B. 

i Hence the water flows from D to 
B and the water from the vessel is 
raised by the atmospheric pressure to 
D for filling up the vacaney so caused. 
Thus the flow is maintained. 

(a) Conditions for the working 
of the Siphom.—(1) In the beginning 
the whole tube must be completely 
filled with the liquid. 

(2) The end A of the longer tube 
must be below the level C of the 

liquid in the vessel to be emptied ; otherwise h’ will not be greater 

than h and so the pressure at B will not be less than the pressure at 

D and the liquid will not flow. 


F 
| 
$ 


Fig. 207—The Siphon 


(3) The height ‘h’ must be less than the height of the correspond- 
ing liquid barometer ; otherwise the pressure of the atmosphere will 
not be able to raise the liquid to D. The greatest height of h, in 
the case of water, is 34 ft. 


(4) The siphon would not work in vacuum, for the atmospheric 
pressure which raises the liquid is non-existent in a vacuum. 


(b) Effect of making a hole in the Siphon.— When a hole is 
made at any point in the longer arm AB (Fig. 207) above the surface 
C of liquid in the vessel in which the shorter leg is placed, the siphon 
will cease to act : for, at the whole the pressure being atmospheric, 
the pressure at B will not be less than the pressure at D, a condition 
which must be fulfilled to enable the: liquid to flow from D 
towards B. 


Tf, however, a hole is made at a point in AB below the surface 
at O, the remaining portion above that point will still form a siphon 
and through the hole the liquid will continue to flow. 


Example. The two arms of a siphon having an internal diameter of 2 inches 
are respectively 12 and 8 inches in length. The shorter arm is immersed in 
a liquid to a depth of 2 inches. Calculate the velocity of flow of the liquid and 
also the amount of the liquid discharged through the ‘siphon in one second 
(g=32'2 ft./sec.2). 

Ans. The flow of the liquid depends upon the height (h’—h) (see Fig. 207). 
So we have from the law of falling bodies, the velocity of flow per sec-, 
v= J2g(h’ =h). 

Here h’=12 inches=1 ft; h, ive. the actual height above the level of water 
=(8—2)=6 inches=05 ft. 

< v= ,/2«32°2(1 —0°5) =5'67 ft. per sec. 
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The amount of liquid discharged in one sec.=velocity of flow x cross-sectional 


area of the tube=5'67 x [e(a] } cu. ft.=0'124 cu, ft. 


337. The Intermittent Siphon :—Fig. 208 represents an inter- 
mittent siphon, which is an example of the 
application of the principle of a siphon, The 
vessel is at first empty, but as any liquid is 
poured into it, and the level of the liquid gra- 
dually reaches the top of the bend, the liquid 
will begin to flow to O. If the supply of the 
liquid is discontinued, or the liquid escapes faster i 
than it is supplied to the vessel, the flow will i 
cease as soon as the shorter branch no longer o 
dips in the liquid. But the flow will, however, Fig. 208—The 
resume when the level of the liquid reaches the Intermittent Siphon. 
bend again on the supply being restored. 


Tantalus Cup.—The above principle is applied in the toy siphon, 
known as the Tantalus Cup, in which the siphon 
is concealed inside the figure of Tantalus, p'aced 
inside a vessel. It is seen that the bend of the 
siphon is just below the lower lip of the figure 
(Fig. 209). As water is poured, the level of water 
in the shorter branch of the siphon rises gradually 
until it reaches the top of the bend, i.e. just 
beneath the lips of Tantalus, when the water will 
flow out keeping Tantalus thirsty for ever. 


Automatic Flushes.—The same principle is 
also applied in automatic flushes fitted in public 
Fig. 209—Tantalus latrines etc. A siphon is fitted inside a tank which 

Cup. is emptied as soon as water fills the bent pipe. 


338. The Diving-Bell :—When a tumbler is inverted and lowered 
vertically under water, we notice that there is a slight rise of water 
in the tumbler. As it is pressed more 
into the liquid, the enclosed air is under 
a pressure which increases and only some 
water rises into the vessel. This principle 
is applied in the diving-bell which is a 
heavy hollow cylindrical metal vesse! open 
at its lower end. It is lowered into water 
to enable divers to go to the bottom of deep 
waters to do some work (Fig. 210). The 
tension in the chains which supports the 
bell is equal to the weight of the bell 
minus the weight of water displaced by it Fig. 210—Diving-bell. 
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and this tension increases, as the bell sinks more and more and the 
weight of displaced water becomes less. 


Taken 34 ft. as the height of the water-barometer, the pressure 
of air within the bell at a depth of 34 ft. will be 2 atmospheres ; con- 
sequently, the volume of air is halved, and the water would rise half- 
way up the diving-bell. As this js obviously inconvenient for the 
workmen inside the bell, a constant supply of fresh air is pumped 
into the be!l through a pipe in order to prevent water from entering 
the chamber and also to enable the workmen to breathe. 


Examples. (1) 4 bottle whose volume is 500 c.c. is sunk mouth downwards 
below the surface of tank containing water. How far must it be sunk for 
100 c.c. of water to run up into the bottle? The height of a barometer at the 
surface of the tank is 760 mm. and the sp. gr. of mercury is 13°6 (Pat.1928) 


The volume of the air inside the bottle, when 100 c.c. of water rushes in 
=500—100=400 c.c. 


Jf P be the pressure in cms. when the volume of the enclosed air is 400 c.c- 


76 x 500 


100 =95 cm. 


then by Boyle's Law, Px400=76x500 ; or, P= 


+ The pressure exerted by water only=95—76=19 cm. of mercury 


=19x13'6 cm.=2584 cm. of water. ('' Atmos. press.=76 cm.). 

<. The bottle must be sunk below 258°4 cm. of water. 

(2) Find to what depth a diving-bell must be lowered into water in orden 
that the volume of air contained may be diminished by one quarter, the length 
of the bell being 3 metres, atmospheric pressure 760 mm. of mercury, and the 
sp. gr. of mercury, 13°6. (Pat. 1943) 


Length of the bell=3 metres=300 cm. 


If P be the total pressure in cm. when the bell is lowered into water in 
order to diminish its volume by one quarter, we have, by Boyle’s Law, 
(300 x 4) X16 =(£Xx300x«) xP, where « is the area of the base of the bell. 
76x4 K 
Da Perg em, of Hg. = Ox4xi86 em. of water. 


The pressure exerted by water only 


76 xX4 x13" vi d 
[e ae. (rexas) =p om. of water. 


The volume of air inside being diminished by one quarter, the height of 
water inside the bell=4}x300=75 cm., and so the length of air inside= 
(8x 300) = (8x75) cm. 


‘The depth to which the bell is lowered. i.e., the height of water from 
76x136 _ 


the surface up to the top of the bett={ a 


(3x175) } cm,=119'53 cms. 
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339. Otto von Guericke (1602—1686):—He was a German 
lawyer, Senator and Physicist. He was born at Magdeburg, descen- 
dant of a noble family. During Tilly's 
siege of Magdeburg (1631) he acted as 
‘Defence or war-lord’ of his native 
town. When Tilly was driven off, and 
his native town came under Swedish 
protection, he helped in rebuilding the 
bridges and fortifications of his native 
town, the well-being of which was his 
constant anxiety. He was appointed 
its Burgomaster in 1646. Without the 
requisite scientific knowledge, he start- 
ed experiments which he did not leave 
before success came tohim. His rank- 
ing with great scientists is not due to 
his invention of the air-pump but how 
he conceived to make use of the same 
jn solving outstanding problems in Otto Von Guericke 
nature. He had a special fascination for large apparatuses for his 
experiments so that the uninitiated might be attracted. The dis- 
coveries of Galileo, Pascal and Torricelli generated an urge in him 
for producing the first vacuum and he jnvented the first air-pump. 
In the year 1654 he performed before the emperor, Ferdinand MI, 
his famous experiment of the Magdeburg hemispheres to prove that 
air has weight and exerts pressure. It is said that two teams of 
twenty-four horses, a team on either side, were required to separate 
two hemispheres, when the air was pumped out from within. Boyle 
made use of Guericke’s pump to prove the law which bears his name. 
Guoricke made other inventions too. He discovered electrical repul- 
sion for the first time and constructed also a fractional machine which 
Leibniz used and thereby produced electric sparks for the first time. 
From his studies in astronomy he predicted the periodic return of 
comets. He is said to have devised a water-barometer by which the 
approach of storms could be forecast. He diedat the age of 84 in 


Hamburg. 


Questions 


l. Describe in detail an air-pump giving a diagram and explain its action. 

(C. U. 1923; Pat, 1925, 99, 88; P. U. 1929; U. P. B. 1950) 

After four strokes the density of the air in the receiver of an air-pump is 
found to bear to its original density the ratio of 256 to 625. What is the ratio 
of the volume of the barrel to that of the receiver ? (C. U. 1923) 


[Ans. 1: 4] 

2, Describe briefly the action of the air-pump in its simplest form and 
explain how the degree of rarefaction produced by a given number, of strokes 
can be approximately calculated. Can the apparatus you describe create perfect 


vacuum ? If not, why ? (Pat. 1981, "88, ‘41; P. U. 1931) 
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3. If the cylinder of an air-pump is one-third the size of the receiver, what 
fractional part of the original air will be left after 5 strokes? What will a 
barometer within the receiver read, the outside pressure being 76 cm. 

[Hints. d;/d=(3/4)> ; again P;=(3°4)5 x 76] (Pat. 1929) 

4. Compare the pressures in the receivers of a condensing and exhausting 
air-pump after the same number of strokes in each case and account for the 
fundamental difference in form of the two expressions. (Pat. 1931) 

5. Describe a double-barrelled air-pump and explain its action. 

t (G-U. 1938, "47, 753) 

6. Can you get perfect vacuum with an air-pump? If not, why not? 
Explain how the air-pump differs in operation from a water-pump. (C. U. 1953) 

7. A mercury barometer is in the receiver of an air-pump, and at first its 
height is 76 cm. After two strokes the height is 72 cm. What will it be after 
ten strokes? (Neglect the volume of the barometer.) (Pat. 1937) 


[Ans, 58 cm. approx.] 
8. Write a short note on ‘Filter-pump’. 
9. What do you mean by a compression pump ? Cite two common exar 
Describe with a diagram the working of an ordinary bicycle pump and the action 
of the valve in the bicycle tube. (G. U. 1952) 
10.. Describe in detail with a diagram a condensing pump and its mode of 
action. (C. U. 1925, '34) 
y 1l. Describe with the help of a neat sketch, the working of an ordinary 
bicycle pump, and the action of the valve in the bicycle tube. (Pat. 1944) 
X 12. Describe and explain the action of a bicycle pump. What is the 
difference between such a pump and an ordinary exhaust pump? (Pat. 1949) 
18. Explain the mode of action of a football inflating pump. (Pat. 1929) 
14. Describe a suction pump. Water cannot be raised to a height much 
greater than $4 ft. by means of such a pump. State the reason for this and 
describe a laboratory experiment by which you prove your explanation to be 
correct. (C. U. 1930, "34; Dac. 1932 5 cf. U. P. B: 1961) 
„15. Describe in detail with a diagram a common pump and its mode of 
action. Is there any limit to the depth from which it can raise water ? 
(C. U. 1924; Pat. 1933; Dac. 1932) 
16. Explain clearly the working of the usual types of Lift or Force pumps. 
A lift pump is used to pump oil of sp. gr. 08 from a lower into an upper 
tank, What is the maximum possible height of the pump above the lower tank 
wh | the pressure of the atmosphere is 76 cm. of mercury? Is this height 
practically “obtained ? Give reasons for your answer. (Pat. 1920) 


[Hints. Lxaxp'Bxg=T6xax136xy. <: na BX 136 _ 1992 ems.] 


(AIL. 1946) 
mples. 


SERTIN Explain cléarly, with! the aid of a neat sketch, the working of the usual 
gypes opdis ponpak i there any limit to the depth from which it can raise 
water E 
Tay ACRE O TE Sa I 
+The ‘barrel of auction pump is 5 in. in diameter and the stroke is 8 in. 
How many upward strokes of the plunger will be required to lift 1,000 gallons 


of water ifotisere is 12% slip? [l cu. ft. of water=6'24 gallons] (G. U. 1927) 
[Ans. 2008] 


18. What mechanism would you suggest to lift water from a well which is 
deeper than 34 ft. ? (A.B. 1952) 
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19. Name different kinds of pumps for producing high vacuum. Explain 
the construction and working, with the help of a diagram, of any of them. 
(R. U. 1952) 


20. Explain the action of a siphon. 
(C. U. 1926, ’37; Pat. 1921; Dac. 1926 ; All. 1946) 


21. A siphon is used to empty a cylindrical vessel filled with mercury. 
The shorter limb of the siphon reaches the bottom of the vessel which is 45 
inches deep, but it is found that mercury ceases to run before the vessel is 
empty. Explain this observation, and calculate what fraction of the volume of 
the vessel will remain full of mercury. The barometric height may be taken 


as 30 inches. (Pat. 1935; cf C. U. 1926; Dac. 1930) 
Ans. [4]: 
22. Explain the principle and use of the siphon, and state how the 
principle is used in Tantalus Cup. (C. U. 1928) 


PART II 


HEAT 
CHAPTER I 
HEAT : TEMPERATURE : THERMOMETRY 


1. What is ‘heat? ?:—When we touch a lump of ice, we feel 
cold. When we stand in the sun, we feel hot. The cawse of these 
sensations is called heat. But what is its real nature? What does a 
body gain or lose, when it becomes hot ? Until less than a hundred 
years ago it was thought that when bodies rise or fall in temperature, 
they take in or give out a weightless fluid called caloric. This theory 
has, however, been completely abandoned. The explanation now 
given is that a rise of temperature is caused by the quickening of the 
movements of the molecules composing the body, and a fall in tem- 
perature is caused by a slowing down of the molecular movements 
(vide Kinetic Theory, Chapter IV). 


. We have next to enquire into the cause of the quickening or the 
slowing down, as the case may be, of the molecular movements in 
a substanco. - Every one knows that friction produces heat. Thus 
when we rub a piece of wood against another, heat is produced. This 
heat is due to the increase in the movements of their molecules, The 
increase of the molecular movements results from the mechanical 
work done at the time of rubbing. Again, as a bicycle tube is pumped 
up, the pump is heated and the heat is produced at the expense of 
the work done, ie. the heat is due to the mechanical energy spent 
in compressing the air against the internal pressure. The heat is 
not due to friction; for it may be seen that very little heat is 
produced by only working the pump up and down without attaching 
jt to the bicycle tube. These examples simply point out that the 
cause of production of heat in their cases is due to the expenditure 
of mechanical energy. 

Chemical energy stored in substances may also be the cause due 
to which heat may be produced. When coal burns in air, a part 
of the stored chemical energy of the coal goss to produce the havt. 
Tf a few pieces of magnesium are dropped in dilute sulphuric acid 
contained in a test tube, hydrogen is given off with the liberation 
of heat due to which the test tube is heated. 

Electrical energy may also be used to produce heat, such as in 
electric heaters, electric furnaces, etc. 

The cause of production of heat, as the foregoing examples 
indicate, is the expenditure of some form or forms of energy. On tho 
other hand, heat may also be made to be the cause of production of 
some form or forms of energy as we desire. For example, in an 
internal combustion engine the heat of combustion causes an expan- 


HEAT; TEMPERATURE : THERMOMETRY 313 


sion of the gases within the cylinder and thereby mechanical energy is 
made available. In a thermo-couple in which one junction of two 
dissimilar metals is heated and the other kept colder, an electric cur- 
rent circulates round the couple. In many cases heat may be used 
to bring about chemical changes too, e. g. heat applied to wood assists 
the carbon in coal to combine with the oxygen in air to form oxides 
of carbon. 


Thus, to sum up any form of energy we know of, may be made 
to disappear with production of heat, and heat, on the other hand, 
may also cause any form of energy to be produced. That being so, 
heat also must be a form of energy. 


2. Temperature :—When on touching two substances Aand B 
we feel A hotter than B, we express it by saying that the temperature 
of 4 is higher than that of B. Temperature is, therefore a measure of the 
hotness, or coldness, of a body. It is the thermal state of a body 
which determines whether it will give heat to, or receive heat 
from, other bodies. Heat tends to flow from a body at a higher 
temperature to a body at a lower temperature just as water flows 
from higher to lower leyels. Thus, heat and temperature are 
respectively analogous to water and its surface level. 


3. Heat and Temperature :—There is no doubt that the terms 
heat and temperature are closely related, but jt should not be thought 
that they convey the same meaning. To bring out the distinction 
between -the two, one should remember the following :—(a) If a red- 
hot iron ball is put in a bucket of warm water, the ball will lose 
some of its heat, and water will gain it. In this case, the quantity 
of heat contained in water is likely to be much greater than that 
jn the ball, but it. is the temperature, and not the amount of heat, 
which determines the direction of the flow of hert from one body 
to another. (b) Temperature is no more heat than the level of 
water in a tank is the water itself. (c) Temperature is the thermal 
condition of a body, and is quite different from the amount of heat 
energy in the body. (d) Two bodies may have the same tempera- 
ture, but different quantities of heat. A spoonful of a sweet liquid 
taken from a larger quantity will be as sweet as the larger, though 
jt does not contain as much sugar, Similarly, the temperature of 
poiling water in a tea cup may be the same as that in a big bucket, 
but the quantity of heat in the water of the bucket will be much 
greater, because the quantity of heat contained in a body depends on 
its temperature as well as on its mass. 


4. Effects of Heat :—(1) Change of _State.—When water is 
heated, it changes into steam (a vapour). When water is cooled, i. 6. 


heat is withdrawn from it, it finally changes into ice (a solid). 


(2) Change of Temperature (without change of state).—When a 
body absorbs heat its temperature rises, and when it gives out hoat 
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its temperature falls, except when it is not changing its state such as 
water changing into steam, or water changing into ice, ete, 


(3) Change of Dimension.—A body, whether a solid, a liquid, 
or a gas, expands on heating and contracts on cooling. 


(4) Change of Composition (Chemical Change).—Many subs 


tances become chemically changed when heated. Sugar for example, 
when heated in a test tube, is turned into carbon, which is left at the 
bottom of the tube, and water vapour, which condenses at the 
top of the tube. 


(5) Change of physical properties—Many substances, when 
heated, become weak possibly due to some internal change in the 
arrangement oi their molecules. Thus, iron, when heated to redness, 
differs materially from iron at ordinary temperatures, and ordinarily, 
glass when heated becomes weakened. 


(6) Electrical effect— li) When by heating one of the two junc- 
tions of a thermo-couple formed of two dissimilar metals, say copper 
and iron, a diiference of temperature is produced between the junc- 
tions, and electrical current flows round the wires. This is known as 
thermo-current. (ii) When heated, the electrical resistance of a 
metal increases. 


5. Measurement of Temperature :— We can have an idea about 
the temperature of a body, i.e. the degree of its hotness, by our 
sense of touch. But the measurement of temperature by the sense 
of touch often gives unreliable and inaccurate results. 


The sensation depends upon, (i) the amount of heat transferred 
to the skin of the body from the substance touched, when the tempera- 
ture of the substance is higher than that of the body ; or from the skin 
to the substance, when the temperature of the substance is lower than 
that of the body, and on (ii) the conductivity of the substance, that is, 
on the rate at which heat is transferred. 


As this sensation is not a safe guide for the correct and numerical 
measurement of temperature, instruments, called thermometers, 
are devised for the purpose. 


Strictly speaking, temperature is not a measurable quantity, but 
for various purposes we measure it in some indirect way. We utilise 
one or the other of the physical effects produced by heat, as enumera- 
ted in Art. ', for measuring the temperature of a body ; for example, 
in mercury thermometers the expansion of mercury inside the thermo- 
meter is used to indicate the temperature. Different types of 
thermometers depending on the different effects of heat have been 
constructed and each different type has its own merits and demerits 
and its own range of use. 


ae 
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6. Choice of Thermometric Substance :—In selecting the 
material for the construction of a thermometer, it is necessary to see that 
(a) the substance always shows the same temperature for the same 
hotness; (b) the temperature changes continuously with the change 
of the degree of hotness ; (c) the substance is convenient to uses 
(d) the change of the property, which is utilised for the measwre- 
ment of temperature, is fairly large. Expansion of a substance with 
rise of temperature, provided the former is uniform, is commonly utilised 
in ordinary thermometers. 


Some liquids are suitable as thermometric substances, their expan- 
sions being fairly uniform and moderately large ; solids expand little, 
whereas gases expand much more; of all liquids mercury has been 
found to be the best on account of its many advantages. 


It should, however, be noted that in all accurate measure- 
ments of temperature, a gas thermometer (vide Chapter IV) is 
always referred to as the standard in preference to all other 
thermometers. 


7. The Hypsometer :—It is a specially constructed constant 
temperature bath in which steam is generated under the existing 
atmospheric pressure by heating water. The temperature of the steam 
js related to the pressure and has, therefore, a connection with the 
height of the p'ace. So the apparatus is named a hypsometer which, 
in Greek, means a ‘measurer of height’. 


The apparatus consists of a brass vessel having an internal 
chamber B and an external chamber A around it closed at the bottom 
(Fig. 3). The internal chamber is in communication with a boiler 
D placed below. An open-tute manometer M, connected as shown in 
the figure, is used to indicate the pressure of the vapour raised 
from the boiler. Ordinarily, water is taken as the boiler liquid. 
The top of the apparatus is covered except at a central opening 
which is closed by a cork C. A thermometer T is inserted through 
a hole bored in the cork such that the bulb of the thermometer is 
held above the liquid level in the boiler, The hot steam rises up in 
the inner chamber and then passes down the outer one, as shown in 
the figure, to escape finally into the atmosphere through an exit tube 
E provided at the bottom. The liquid formed by condensation of 
the escaping vapour is collected in a basin and can be used again in 
the boiler. ‘The outer chamber, through which the hot steam passes 
down protects the steam rising in the inner chamber from condensa- 
tion. The heating of the water boiler is so regulated that the liquid 
attains the same level in both the arms of the manometers. The 
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steam pressure then equals the atmospheric pressure and 
the temperature indicated by the thermometer at this stage 
gives the temperature of boiling of the liquid at the place 
c of observation. 
8. Construction of Mercury Thermometer :— A 
thick-walled glass tube of uniform capillary bore with a 
bulb B blown at one end is taken (Fig. 1). At C, near the 
open end, the tube is heated and drawn out so as to mike 
a narrow neck there. 
A small funnel Æ is fitted at the open end by means 
B of a piece of rubber tubing. Some pure dry mercury 
is put in the funnel Æ, but the mercury cannot get 
; into the tube owing to the contained air and fineness of 
Fig. 1 the bore. The bulb is heited gently to drive out some of 
the air in it, which on cooling, contracts in volume, and 
the mercury from the funnel passes down the tube into the bulb due 
to the atmos heric pressure acting from above, which is greater than 
the pressure inside. This process of alternate heating and cooling 
js repeated several times till sufficient mercury enter to fill the bulb 
and some part of the tube. The funnel is then taken away and the 
bulb is strongly heated until the mercury fills the whole of the tube, 
which is then quickly sealed at C by a blow-pipe flame. Mercury 
having filled the entire tube, the tube is free from air. On cooling, 
the mercury contracts, and, at ordinary room temperatures, fills the 
bulb and a partof the stem. The rest of the tube contains only a 
negligible quantity of mercury vapour. 


m 


Three points are to be remembered regarding the thermometer 
construction.— 


(1) The size of the bulb and the bore of the tube will depend 
upon the sensitivity of the thermometer and the number of degrees 
and their sub-divisions which the thermometer is to register ; that is, 
a thermometer to read to 1/5th degree or 1/L0th degree must have a 
longer tube with a finer bore than a thermometer reading only to ioe 


(2) The quantity of liquid used should be small so that it might 
fake a little heat as possible from the source whose temperature is 
boing recorded ; otherwise it will itself lower the temperature to be 
recorded. Thus the bulb should be small in sizə. 


(3) The bulb of the thermometer should be made thin so that het 
from the source may quickly pass through to warm up the liquid ; this 
js necessary in order that the thermometer may be quick in action. 


Graduation.— The tuke being filled with mercury and sealed, 
should be left over for several days to cool down so that it may recover 
its original volume. Only after such proper ageing the tube may be 
regarded as ready for graduation. The first step for graduation, 
whatever is the scale of temperature used, is to mark on the stem the 
positions for the mercury thread corresponding to two definite tem- 
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peratures. These are called the two fixed points of a thermometer. 
These are defined and experimentally determined as follows :— 


(i) The Lower Fixed Point (or Ice-Point).—J¢ is the tempera- 
ture at which pure ice melts wnder the normal atmosphe- 
ric pressure. Since its variation with pressure is negii- 
gibly small, the ice-point is determined under the ordi- 
nary atmospheric pressure and no correction is 
necessary. The funnel F (Fig. 2) contains powdered 
distilled water ice washed with distilled water. A hole 
is made in this ice and the bulb of the thermometer T 
is inserted in it and the thermometer is held vertically 
in it by means of a stand. The mercury column 
descends and after some time takes a stationary stand, 
when the position of its top is marked on the glass. 
This gives the lower fixed point. 


(ii) The Upper Fixed Point (or Steam-Point).—JIi is the tem- 
perature at which pure water boils wnder the normal atmospheric 
pressure. It is usually determined under the ordinary atmospheric 
pressure and a pressure correction is then made. In applying this 
pressure correction an empirical rule is followed, according to which 
the boiling point of pure water varies directly by 0°37°C. when the 
superincumbent pressure changes by one centimetre (in other words, 
the boiling point of water increases or decreases by 1°0. due to an 
increase or decrease of pressure by about 27 mms. of moreury) near 
the normal atmospheric pressure. 


The thermometer T is inserted into the inner chamber of a hypso- 
meter (Fig. 3), leaving the uprer part projecting out above the cork 0. 
The boiler D contains water up to a level below 
the bulb of the thermometer. It is heated and 
the steam generated from the boiling water 
heats up the mercury of the thermometer. The 
thermometer is held in the steam and not in 
the water, because the temperature of the 
water may be higher than that of the steam 
corresponding to the existing atmospheric 
pressure due to any dissolved impurity. The 
heating is so regulated that the pressure of 
the steam may always be equal to the atmos- 
pheric pressure outside, which is indicated by 
the equality of the mercury levels in the 
two arms of the manometer M. When the 
Hgtop in the thermometer is observed to 
have become stationary, it is marked, 

After locating the positions of the two 


Fig. 8—Hypsometer fixed points on the stem, the interval between 
the two points, called the fundamental 


interval, is divided into an appropriate number of equal parts, depend- 
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ing on the nature of the scale of temperature desired, each part being 
called a degree in that scale; each degree my then be further sub- 
divided according to requirements. 

This method of marking assumes that the bore of the tube is 
uniform and that the liquid expands uniformly. 


Should the Bore of the Tube be Uniform ?— Unless the bore 
is uniform, equal rise of mercury in the tube will not indicate equal 
rise of temperature and so the graduation shall have to be done 
point to point throughout the bore. Such action being tedious and 
costly, a tube of uniform bore is selected in commercial practice. 


9, Sources of Error in & Mercury Thermometer :—(1) Non- 
amiformity of the Bore.—Each degree of a thermometer represents 
an equal change of temperature. When the temperature rises, the 
liquid column moves along the bore of the thermometer and the 
movement of the liquid column due to change of volume of the liquid 
will be uniform, only if the bore is uniform, otherwise each equal 
length in the different parts of the stem will not represent equal 
change of temperature. 


(2) Temperature of the Erposet Column.—At the time of using 
a thermometer for recording a temperature, ^% part of the stem always 
remains outside the substance whose temperrture is to be taken and 
its temperature therefore js different from that of the bulb and the 
rest of the stem below it. So the temperature recorded will be 
lower than the actual temperature, and thus it is desirable to 
jnclude as much of the stem as possible inside the substance. A 
oT for the exposed part may thea he applied (vide Chapter IIT. 

rb 34). 

(8) Change of Zero.—A thermometer placed jn melting ice often 
indicates a reading greater than the freezing point. This is due to 
depression of the freezing point mark owing to contraction of the 
tube and the bulb, which takes place slowly over a long period 
after the marking of the fixed points. To avoid this the thermo- 
meter should be left out for a long time before the scales are 
marked. 

10. Scales of Temperature :—There | are three scales of 
temperature in use : Centigrade, Fahrenheit and Reaumur. 

(i) The Centigrade scale*, according to some writers, was 
designed by Elvius of Sweden in 1710 and was reintroduced by 
Christen in 1748. Others associate the name of Anders Celsiust. 


* More recently, the name Centigrade scale has been changed to Celsius 
rene the notation for the latter has been kept the same as before, namely 
y °C. 

+ Anders Celsius (1701—1744), a Swedish astronomer and Professor of 
Astronomy at the university of Upsala, introduced a scale by taking 0° as 
the boiling point of water and 100° as the melting point of ice. “Then at about 
1742 Linne introduced the Centigrade scale by reversing the above with the 
melting point of ice at 0° and the boiling point of water at 100°. Celsius 


went to Lapland with a centigrade thermometer to record the temperature of 
the arctic region. 


ene. 
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in this connection. The zero of this scale corresponds to the melting 
point of pure ice, and the boiling of water under the normal atmospheric 
pressure is taken as 100°, The interval between the two is divided 
into hundred equal parts. 


(ii) The Fahrenheit scale was devised by Fahrenheit, a German 
philosopher (L682—1736), at about 1709. The temperature of a 
freezing mixture of saow and common salt (which is much below 
the melting point of ice) is taken as the zero of his sca'e. The melting 
point of pure ice, according to the scale, is taken as 32°, and the 
boiling point of water as 212°, under normal atmospheric pressure, 
The interval between the two is divided into 180 equal parts. 


(iii) The Reawmur scale was introduced by Reaumur (1683—1757) 
a French philosopher, in 1731. In it the melting point of ice is 
taken as 0° and the boiling point of water, under normal atmospheric 
pressure, as 80°. The interval between the two is divided into 80 
equal parts. 


The Fahrenheit sevle is generally used in Great Britain, the 
United States and in some English-speaking countries for household 
purposes. [t is also used in clinical thermometers. The Centigrade 
(form L, Centum, a hundred; gradus, step) scale is universally 
used in scientific work all over the world. The Reaumur scale is 
used in Russia for household purposes and in some parts of the 
European continent. 


Comparison of the three scales of temperature.— 


The distance between the lower and upper fixed points of a thermo- 
meter is called the Fundamental Interval (F.I). 


The fundamental interval is divided into 180, 100, and 80 equal 
parts in the Fahrenheit, Centigrade, and Reaumur scales respectively. 
Fig. 4 depicts the three scales given to a mercury thermometer 
of which A and B are the lower and the upper fixed points 


respectively. 


FAHRENHEIT 3 
CENT!GRADE 
REAUMUR 


Fig. 4 


The table on P. 320 gives the data about the three scales and the 
symbols which are used in expressing a temperature in these scales. 
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EP CASO ere ees 2 — 


| No. of 
| Divisions 
Scale Symbol Freezing Boiling between 
Point Point Fixed 
Point 
Fahrenheit ony 32° | 212° | 180 
| | 
Centigrade ... °G. 0° 100° | 100 
| 
Reaumur ... SRo 0° 80° | 80 


Le a eee ee eee cece eee ee eee ec eee eee EEE aE 

(i) We find that, 100°C- = 219° - 32° = 180°F.=80°R ; 

or, 1°O,=% of 1°F.=+ of VR. 

(ii) Let P (Fig. 4) represent the steady position of the top of 
the mercury thread at some temperature and let F, C, R, be the readings 
of this temperature on the three scales, Fahrenheit, Centigrade, and 
Reaumur respectively. 

Then, since AP is the same fraction of AB whatever be the 
scale used, we have 

AP _ F-82_-C-0_ RHONE F-32 0 R 
AB 180 100 BTP oon ang 5 4° 

Remember that 1 Centigrade degree is nine-fifth of a 
Fahrenheit degree, and 1 Fahrenheit degree is five-ninth of a 
Centigrade degree. 


Examples. (1) Calculate the temperature which has got the same value on 
both the Centigrade and the Fahrenheit scales. 


Let æ be the value reyuired. Then, 22 = ; or, ba —160=9e ; 


or, 4x= —160, i.e. x= — 40. Thus —40°C. when converted to the Fahrenheit 
scale, will also be —40° ; or, —40°C.= —40°F. 

(2) The same temperature when read on a Centigrade and a Reaumur 
thermometer gives a difference of 1°. What is the number of degrees indicated 
by each thermometer? 

Let x=Centigrade temperature, and y=Reaumur temperature. 

Then, we have, x—y=1 sA s wA 

Now, x°G.,, transformed into Reaumur degrees =ax$=y. 


, From (1), (1+4) $=y4. <. y=#R. 
But 4°R.=4x4=5°C. .'. The required temperatures are 5°C. and 4°R. 
(3) Find out the temperature when the degree of the Fahrenheit thermo- 
meter will be 5 times the corresponding degree of the Centigrade thermometer. 
Let x=Fahrenheit temperature, and y=Centigrade temperature. 
Then x=5y...(i). But x°F. transferred into Centigrade degree=(x—82)$=y. 


* From (1), (5y—32) $=y ; or, 16y=160. .’. y=10°C. 


And 10°C. =(10 x $) +32 =50°F. 

Hence the required temperatures are 10°C. and 50°F. 

(4) Two thermometers A and B are made of the same kind of glass and 
contain the same liquid. The bulbs of both the thermometers are spherical. 


(1) 
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The internal diameter of the bulb A is 7'5 mm. and the radius of cross-section 
of the tube is 1:25 mm. ; the corresponding figures for B being 62 mm, and 
09 mm. Compare the length of a degree of A with that of B. 

Ans. Let l and lp be lengths corresponding to 1° rise in the temperature for 
A and B respectively and 2 the apparent coefficient of expansion of the liquid. 
Increase in volume of the liquid in the bulb of 4 for 1° rise= Hh) xxi, 


and this must rise in the tube, the volume being ,, (1°25)%). 
T'5\3 “ 
(3) X\x1=n(1'95)22,. Similarly, for B, H| F ooo, 


la L00 
whence 7, ~ 109° 


11. Corrections for Thermometer Readings :—The tempera- 
ture at which water boils depends upon the atmospheric pressure. It is 
100°C when the atmospheric pressure is normal, 7. e. 760 mm. It 
increases or decreases with the increase or decrease of the atmos- 
pheric pressure. For small deviations from the normal pressure 
there is a change of 0°87°C. in the boiling point of water for a 
change of 1 cm. in the atmospheric pressure, and so a change of 
about two-thirds of a degree Fahrenheit for a 10 mm, change of 
pressure. The effect of the change of pressure is, however, negli- 
gible for the freezing point of water, which is lowered only by about 
0'0073 of a degree Centigrade for one atmosphere increase of pressure. 

So the fixed points of a thermometer can be corrected at any 
time by reading the height of the barometer. This will be clear 
from the following examples :— 

Atmospherie pressure = 754'96 mm. 

Difference from the normal pressure = 760 - 754°96= 5'04 mm. 

There is a variation 
of 1°C. for a change of 
27 mm. in the atmos- | 40%4 
pheric pressure. `. The 
required correction = 5'04 
+927 =0'186°0. +0°2 

But as the observed 
atmospheric pressure is 
less than the normal pres- 0 
sure, the steam point will 
be less than 100°C. Thus 0:2 
the true steam point= 
(100 — 0'186) = 99°814°C. 

Observed steam point |—0°4 
=99'6°0. <. Error at 
steam point. -0:6 
=99'6 — 99'814 = 
—0'214°C. `. Correction at Fig. 5 
steam point = +0'214°C. 


Vol. I—21 


Correction] 


Temperature (C ) 
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If for the above thermometer the freezing point is 0°5° above zero, the 
error is +0°5°C. and the correction to be applied is-0°5°C. Thus, 
plotting these two points on a squared Paper, the straight line (Fig. 5) 
joining these two points will indicate the corrections at intermediate 
temperatures. From the graph it is evident that no correction would 
be required at 70°C. 

Examples. (1) The stem of a Fahrenheit thermometer has a scale upon 
it which is graduated in equal parts. The reading of the ice-point is 30 and 
that of the steam-point 300. What is the reading indicated by the thermometer (a) 
when placed in steam at a pressure of 73 cms, of mercury and (b) in water at 50°F. 

Ans. (a) Here $00—30=270, scale divisions are equivalent to 180°F. 

z. 1 scale division=(2/3)°F- 

The difference of pressure, (76—73)=8 cm. For 10 mm. ie. 1 cm. change 
in pressure, the boiling point is changed by 2/3°F. For a change of 3 cm. 
in pressure, the change in boiling point=3x g=2°F, +. The true steam-point 
=212—2=210°F. (—2 is taken because the pressure is below normal.) 


Now, 2°F. is equivalent to 2--3=3 scale-divisions of the thermometer, 

Hence the reading indicated by the thermometer = 300—3=297. 

(b) The temperature of water is 50°F. =(32°+18°)F. 

The reading is 18°F. above the ice-point, which is 30 on the scale. 

Now 18°F. is equivalent to 18+3=27 scale-divisions. .°, The reading 
is 30+27=57. 

(2) If, when the temperature is 0°C. a mercury thermometer reads+0'5°C., 
while at 100°C., it reads 100°8°C., find the true temperature when the thermo- 
meter reads 20°C., assuming that the bore is cylindrical and the divisions are 
of uniform length. (C. U. 1926). 

Ans. The thermometer reads 05°C. for 0°G. and 1008°C. for 100° C. So 
there are (1008—0'5)=100:3 divisions between the two fixed points of this thermo- 
100 
100°3 
grade division. When the thermometer reads 20°C., there are (20—0'5) or 19'5 
divisions above the freezing point. Hence the true temperature of the thermo- 


meter. ,, Each division of the above thermometer= of a true Centi- 


meter when it reads 20°C.= 


(3) When the fixed points of a Centigrade thermometer are verified it 
reads 0°5°C., at the melting point of ice and 992°C., at the boiling point of 
water at normal pressure. What is the correct temperature when it reads 15°C., 
and at what temperature is its reading exactly correct? (Pat. 1944). 

Ans. The fundamental interval=99'2—0'5=98°7 divisions. Let x be the 


correct temperature, then we have z , When the normal boiling point 


98°7 100 
=100°C., whence x=14°7°C. 

Again, let the reading be exactly correct at t°C., then SRD 

98°7 100” 

or, 100¢—50=98'7t., or, t=38'5°C. 

12. Different Forms of Thermometers :— 

(1) Mercury-in-glass Thermometer.—These have been dealt 
with before (viđe Arts. 8 to 11). 
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(2) Alcohol Thermometer.—Alcohol is sometimes used as a 
thermometric substance instead of mercury. Its advantages and dis- 
advantages as a thermometrie substance have been treated in Art, 14. 
The liquid requires to be coloured with some dye in order that the 
top of the column may be easily read. 


(3) Water Thermometer.—Water has almost all the disadvan- 
tages of alcohol and its advantages are very few. Besides this it 
cannot be used as a thérmometric substance due to its peculiar be- b 
haviour between 0°C., and 10°C., which has been discussed in 
Chapter II. $ 


(4) Gas Thermometer.—In these thermometers gases like air, 
nitrogen, hydrogen, helium. ete. are used as thermometric substance. 
. These have been dealt with in Chapter LY. 


(5) Maximum and Minimum Thermometer.—It js often 
found necessary to know the highest or lowest temperature attained 
during a given period of time. The maximum temperature reached 
during the day and the minimum temperature during the night are 
recorded in meteorological stations as a routine work, Both of such 
information are important for meteorological as well as agricultural 
purposes. A maximum thermometer automatically registers the highost 
temperature and a minimum thermometer, the lowest temperature, 
during an interval. 

(6) Electrical Thermometer.— There are two common forms of 
electrical thermometers: (i) ‘resistance thermometers ; (ii) thermo- 
couple or thermo-electric thermometers. These have been dealt with 
under Current Blectricity (Vol. II). 


(i) Rutherford’s Maximum and Minimum Thermometer.— 
These are two separate instruments, but are ordinarily mounted on 


MINIMUM THERMOMETER 


MAXIMUM THERMOMETER 


Fig. 6—Rutherford’s Maximum and Minimum Thermometer. 


== the same frame (Fig. 6). The maximum thermometer is an ordinary 
mereurial thermometer placed in a horizontal fashion. As the tem: | 
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perature increases, the mercury pushes forward a steel index which 
is left in its place to indicate the maximum temperature. 


The minimum thermometer uses alcohol, instead of mercury, as 
the thermometric liquid. It is also fixed in a horizonta! position. For 
recording the minimum temperature an jndex of glass is placed in the 
liquid and this allows the alcohol to expand, when the temperature 
rises, without moving it. But when the temperature falls and the 
alcohol contracts, the glass index, which is wetted by aleohol, is drag- 
ged backwards by the surface film at the end of the aleohol column. 


The instrument can be reset for fresh observations by inclining 
the frame when the indices slide down. The steel index can be made 
to slide down by using a bar-magnet too. 


(ii) The Clinical Thermometer (or Doctor’s Thermo- 
meter).—This thermometer is used by doctors for tbe 
determination of the maximum temperature of a body. The 
temperature of the human body seldom varios beyond the 
limits 95°F. to 110°F. and so in a doctors thermometer 
this range is graduated in Cegrees Fahrenheit and each 
degree again is, ordinarily, sub-divided into fifths. Mercury 
js commonly used as the thermometric substance and by 
using the requisite quantity of mereury in the bulb, the 
length of the stem is mace short. Fig. 7 shows a c'inical 
thermometer having bulb B which contains mercury and 
a constriction C in the bore above it. During uso when 
the bulb is placed under the arm-pit or the tongue, the 
mercury being heated expands and is forced up into the 
stem S across the constriction. When the thermometer 
js taken out, the mercury below the constriction contracts 
with the fall of temperature, but the mercury thread above 
cannot follow the mercury below because of the constric- 
tion. So the thread breaks at the constriction, the farthest 


Fig.7— ond of the standing thread giving the temperature of the 
Clinical body. Thus the clinical thermometer acts as a maximum 
ween. thermometer. To reset the instrument, the thermometer 


is held by the stem, bulb downwards, and is given a few 
jerks. This forces the mercury in the stem to go back into the bulb. 


To graduate the instrument it is placed in a thermostat at 95°F. 
and a scratch is made in the stem against the head of the mercury 
thread when the same is steady. Afterwards it is again placed in a 
thermostatic bath at 110°F., when again a scratch is made as above. 
The interval between these two marks are uniformly divided into 15 
equal parts, and each part into fifths, assuming the bore: to be 
uniform. m 

As a caution, it should be remembered that a clinical thermo- 


meter must not be dipped into hot water or any other hot liquid for 
the determination of temperature, for the bulb would crack. 
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Gi). Six’s 'Thermometer.—It is a combined form of maximum 
and minimum thermometer (Fig. 8). 


It consists of a graduated U-tube with a bulb at each end, The 
tube on the left-hand side of Fig. 8 and a part of the bulb D at 
that end contain alcohol. The upper part of the bulb contains 
alcohol vapour only, and so room for expansion is left there. The 
bent tube contains a column of mercury which merely serves as an. 
index, as its movement indicates expansion or contraction of aleohol 
which, is above it, and in the other 
tube which is completely full of 
alcohol. The alcohol in the right- 
hand tube and the bulb O consti- 
tutes the real thermometric part 
of the instrument. 


A small steel index fitted with 
a spring (shown on the side of 
Fig. 8) is inside the tube at each 
end of the mercury column. Hach 
index (P or Q) can be brought 
into contact with the mercury 
head at that end by means of a 
magnet from outside the tube. 


When the temperature rises, 
the alcohol in the right-hand tube 
expands and so the mercury 
thread on the left-hand tube rises 
pushing the index P above it, 
When the temperature falls, the 
mereury thread comes down leav- 
ing the index in its position (as 
it is prevented from returning by 
the spring), but the mercury 
thread in the right-hand tube rises 
pushing the index Q above it, 
which remains there when the 
alcohol expands again due to rise 
in temperature. Thus the lower I 
end of the index in the right-hand tube shows the minimum tempera- 
turo while that in the left-hand tube shows the miximum temperature. 


Fig. §—Six's Thermometer, 


13. Advantages of Mercury as Thermometric Substance :— 
Mercury _ remains in the liquid state over a wide range (freezing 
point—39°C., boiling point 357°C.) and thus can be used over 
this range of temperatures. The range can be extended to higher tem- 
peratures also by filling the space over the mercury with nitrogen, 
argon or carbon dioxide gas under pressure using a short tube. Ab 


ordinary temperatures the vapour pressure of mercury is low and 
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so the indications of a mercury thermometer are little affected by 
the, pressure of the vapour. Mercury can be easily obtained pure 
and being a shining grey liquid its position in a glass tube can be 
ascertained easily. It does not wet glass and has, therefore, no 
tendency to stick to the walls when the temperature changes. It is 
a very good Conductor of heat and so attains the temp. of a bath very 
quickly. It has high sensitivity to temperature variations, for its 
coefficient of expansion is large. It absorbs only negligible heat from 
any material with which it is placed in contact owing to its low 
specific heat and, therefore, the temperature which is measured by it 
js not altered by its use. The most important property, however, is 
that its expansion is almost uniform at all parts of its scale. 


14. Comparison of the Advantages and Disadvantages of 
Mercury and Alcohol as Thermometric Substances :—(1) Alcohol 
freezes at—130°O. while mercury at—39°C. The former boils at 78°C. 
and the latter at 857°C. So the range of use on the low temperature side 
is greater for alcohol than for mercury while the range on the high 
temperature side is greater for mereury than for alcohol. 


(2) For a given rise of temperature alcohol expands much more 
‘than mercury. So the sensitivity to temperature variations is greater 
for the former than for the latter. 


(8) Although the specific heat of alcohol is greater than that of 
mercury, a given volume of alcohol will absorb from a bath a much 
smaller quantity of heat than an equal volume of mercury will do in 
being raised through the same range of temperature, sp. gr. of alcohol 
being much less. 


(4) Alcohol wets glass while mercury does not. So during a rise 
of temperature the former can move smoothly in a tube of fine hore 
while the latter moves in a jerky way. 


(5) As aleohol wets glass, it tends to stick to the wall as the 
temperature changes, while mereury has no such tendency. 


(6) With rise of temperature alcohol does not expand uniformly 
but mercury does in a more satisfactory way. So an alcohol thermo- 
meter is graduated by comparison with a mercury thermometer, 
placing both in the same bath. 


(7) Alcohol is not a good conductor of heat but mercury is. So 
an alcohol thermometer cannot attain the temperature of a bath so 
quickly as a mercury thermometer can. 


(8) Alcohol is a light volatile liquid which vaporises appreciably 
and collects in the space above the liquid meniscus and the pressure 
rises, The effect is negligible in the case of mercury, a heavy liquid 
which does not vaporise so easily. 


(9) Alcohol requires to be coloured with a dye in order to he 
visible while mercury is itself a shining opaque liquid. 


a 


= 


$ 
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SOME NOTEWORTHY TEMPERATURES 


Deg. °C. Deg. °C, 
Sun ia 6000 Mercury boils dee 357 
Electric arc light R 5400 Mercury freezes —39 
Iron melts D 1500 Blood heat 37 
Platinum melts A, 1760 Red heat ve 500—1000 
Iron, white hot en 1800 White heat ... above 1000 
Hydrogen boils —252 to —253 
Hydrogen solidifies —256 to —257 

Lowest temperature obtained......... 0:018° Kelvin. 
Questions 


1. A bicycle pump gets heated when the tyre is pumped. Explain. 

(G. U. 1950), 

2. Distinguish between temperature and quantity of heat. 

(C. U. 1934; Pat. 1921). 

3. Briefly describe the process of constructing a mercury in-glass thermo- 
meter. Why is it necessary to note the height of the barometer, when 
determining the upper fixed point of a thermometer ? How would you prepare 
a thermometer, if you are in a deep coal mine ? (Pat. 1932). 

[ Hints.—See Arts. 8 and 11. Note the barometric height inside the coal 
mine and calculate the boiling point of water which will be the upper fixed 
point of the thermometer,] 

4. There are two thermometers of which one has the larger bulb and the 
other a finer bulb. Explain the advantages and disadvantages in each case. 

(C. U. 1941). 

5. Describe the construction of a mercurial thermometer. ls it necessary 
that the tube should be of uniform bore throughout ? Give reasons for your 
answer. How is it graduated ? (C. U. 1926, ‘41, '45; cf. Pat. 1920, "22, '44). 

6. How does a sensitive mercury-in-glass thermometer differ in construc- 
tion from a less sensitive thermometer ? 

Describe fully the method followed to mark the scale on a mercury-in-glass 
thermometer. (C. U. 1952, '56), 

7. What is meant by the ‘Fundamental Interval’ (F.I.) of the thermo- 
meter scale in a thermometer? Describe an experiment to determine it 
accurately. 

A thermometer 4 has got its F.I. divided into 45 equal parts and 
another B into 100. If the lower point of 4 is marked 0 and that of B 50, 
what is the temperature by 4 when it is 110 by B? (Pat. 1940) 

[Ans. 27°] 

8. What is the difference between the temperature of a substance and 
the total heat possessed by it ? 

Describe the construction of a mercury-in-glass thermometer. Why is 
mercury preferred for use as the liquid in the thermometer ? 

What are the fixed points of a thermometer ? What should be the mark- 
ing at a point midway between these fixed points in the centigrade scale and 
in the Fahrenheit scale ? (C.U. 1956). 

[Ans. 50°C., 122°F.] 

9. The fundamental interval of a thermometer A is arbitrarily divided 
into 60 equal parts and that of another thermometer B into 120 equal parts. 
Jf the freezing point of A is marked 60° and that of B marked 0°, what is 
the temperature by A when it is 100° by B? (Pat. 1954) 

[Ans. 110°] 
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10. The freezing point on a thermometer is marked 20 and the boiling 
point 150. What reading would this thermometer give for a temperature of 
45°C. ? (C. U. 1937) 

[Ans. 785°] ; 

ll. The freezing point of a Fahrenheit thermometer is- correctly marked 
and the bore of the tube is uniform, but it reads 765° when a standard Centi- 
grade thermometer reads 25°. What is the reading of the boiling point on 
this Fahrenheit thermometer ? 

[Ans. 210°.] 

12. A faulty thermometer reads 1° when placed in melting ice and 69° in 
steam at normal barometric pressure. Find the correct temperature when the 
thermometer reads 39°, the bore of the thread and graduations being supposed 
uniform. (Dac. 1943). 

[Ans. 40°C.] 5 

13. A thermometer having a tube of uniform bore and divided into degrees 
of equal length, reads 20° in melting ice and 80° in steam at 100°C. Find what 
it would read at 100°F. 


[Ans. 427 J 


14, How would you test the accuracy of the “‘fixed points” of mercury 
thermometer ? Explain the conditions which contribute to its sensitiveness. 

(C. U. 1987) 

15. Explain why in a thermometer it is advantageous to have the thermo- 
metric substance (1) of low specific heat, (2) a good conductor of heat. 

_ 16. Describe with a neat diagram showing graduations, the working of a 
Six’s maximum and minimum thermometer. (Utkal, 1954; Pat. 1954) 

17. Write a note on maximum-minimum thermometer. (Vis. U. 1954) 

18. What do you mean by a maximum thermometer? Describe the clinical 
thermometer in detail with a diagram. 

19. The normal temperature of a healthy person is found to be 98'4°F. 
eet would be the corresponding readings on the Centigrade and the Reaumur 
scale 

[Ans. 369°C. ; 29'5°R.] 

20, State the relative advantages and disadvantages of mercury and alcohol 
as thermometric substances. 9 

(C. U. 1919, *41; All. 1916; M. B. B. 1952; Vis. U. 1953) 


CHAPTER II 
EXPANSION OF SOLIDS 


15. Expansion and Contraction :—All bodies, solids, 
liquids and gases, gonerally expand on being heated and contract on 
being cooled. Of courss there are exceptions to this general rule and 
they will bə pointed out when the occasion arises, The expansion 
or contraction, as the cise may bə, is quite large in the gaseous state, 
less so in the liquid state, and much less in the solid state of a sub- 
tance, for the same change of temperature. 
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16. Expansion of Solids :—(a) All solids, with few exceptions, 
expand on heating and contract on cooling and such expansion or 
contraction, when allowed to take place freely, 
occur in all directions, though the same is usually 
very small. This property of a solid can very well 
be shown by a simple apparatus known as the 
Gravesand’s Ring (Fig. 9). It consists of a metal 
ring clamped to a stand and a metal ball suspended 
by a chain from another clamp placed above it. 
The ball can pass through the ring when both are 
at the same temperature. If the ball be placed on 
the ring after heating ina flame or furnace, it will 
no longer pass through’ the ring showing that it has 


expanded, but on leaving the two together for a Fig. 9— 
short time, the ball falls through; for, on cooling, Gravesand’s 
it contracts again. peni x 


i (b) Different solids expand or contract, as the case may be, 
differently for the same change of temperature. This can be shown 
by the following experiment :— : 


3 Expt.— Let a ccmposite bar consisting of a strip of iron and a 

similar strip of brass be made by rivetting the two at several 

points. At the room temperature 

{RON BRASS if the bar is stright [has shown 

gammy Rem in (a. Vig. 10]. on being heated 

b c the bar bends with the brass on 

h the outside [shown in (b), Fig. 10), 

Higo while on being cooled in a free- 

zing mixture of ice and salt it bends in the opposite way round, i.¢ 

with the brass on the inside [shown in (c), Fig. 10]. This only proves 

that brass expands more on being heated and it also contracts more 

on being coo'ed, than iron. The above principle is applied to compen- 

sate the balance wheel of a good watch for changes of temperature 
(vide Art. 80). 


The above experiment may be repeated with different solids and 
jt will be found that they expand or contract differently for the same 


change of temperature. 


17. Different Aspects of Expansion :— When a solid is heated 
it expands in all directions as already pointed out. The extension 
jn any direction is called its linear expansion, the increase in area 
js called surface or superficial expansion, and the dilatation, ĉe. the 
increase in volume is called the volume or cubical expansion. 


_ 18. Forces brought into Play by Expansion or Contraction of 
Solids :— When a solid bar is heated or cooled, the expansion or con- 
traction as the case may be, though small, can take place against 
tremendous retarding forces. That is, the force brought into play 
by expansion or contraction of solids is tremendous. The stresses 


, —_— oan 
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involyed are known as temperature stresses. In iron structures 
such as bridges, buildings, ete. andsuch other structures, where large 
temperature stresses are likely to occur, provisions must be made 
such that the stresses produced due to the likely change of tempera- 
ture do not damage or destroy them. 


An idea about the magnitude of such forces may be obtained in 
the laboratory by a simple experiment such as that of the breaking bar 
(Fig. 11). In such an experiment a heavy iron bar A provided with a 
screw and nut at one end and a transverse hole Hy near the other, 
rests in slots on two stout iron 
stands fixed toa base plate of iron. 
A cast iron pin, say inch in dia- 
meter, is passed into the hole 
across the bar. The bar is then 
heated by means of a burner and 
tightly clamped by means of the 
screw. When the bar cools down, 

Fig. 11—The Breaking Bar. the cast iron pin snaps due to the 

tremendous force of contraction of 
the bar. A similar force resulting from the expansion of the bar, when 
the latter is heated, may be demonstrated by using the cast iron pin 
in the hole Ha and screwing the clamp tightly when the bar is cold. 


19. Linear Expansion :— As already stated, it is different for 
different solids but is in all cases very small. An iron rod one metre 
long would increase in length, when heated through 100°C., by about 
0°12 cm., and a brass rod, under similar conditions, by 0°18 cm. 


Experiments show that the increase in length of bar (i) is propor- 
tional to the length of the bar, (ii) is proportional to the increase of 
temperature, and (iii) depends on the nature of the substance. 


Coefficient of Linear Expansion of a Solid.—It is the ratio 
of the change in length to the original length of a solid at 0°O. per °C. 
change of temperature. 

Let lo be the initial length of a rod at 0°C. and let be the length 
when'heated through ¿°C ; then the expansion of the rod for a rise of 
temperature 1°C.=(i —lo ). .". The ratio of the change in length to the 


original length for ¢°C rise a lo) ; and the ratio of the expansion 
to the original length at °C. for 1°0. rise= Gai) 


Hence, the coefficient of linear expansion 4 (pronounced “alpha”) 
EA UER 
isgiven by, x= RAE jor le =lo (1+4). 


Or, the mean coficient of linear expansion for a given rise of 


: Fok Increase in length si 
empera; Original length at 0°C. X Rise in temperature in °O-" 
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20. Does « depend on the Unit of length & Seale of Temper- 


Change in length 


ture ? ares ra 
(Orininal length) (change of temp.) 


Itis to be noted 


change in length 


original length 


length is measured in the C.G.S. or F.P.S. or any other unit of length. 
Therefore, 


that, is a ratio and bas the same value whether 


(a) Coeff. of linear expansion has the same value both im oms. 
and inches, if the unit of temp. is the same. 


(b) Coeff. of linear exp. per degree Centigrade is 9/5 times larger 
than that per degree Fahrenheit, since 1°C.=9/5°F. So the value of 
the coeff. of linear exp. depends on the scale of temperature used. 

The coefficient of linear expansion of iron per °C., is 0000012 means that 
1 cm, of an iron rod raised in temperature by 1°C, expands by 0:000012 cm. ; or. 

l] yard of an iron rod raised in temperature by 1°C. expands by 0:000012 
yard ; or, 

l foot of an iron rod raised in temperature by 1°C. expands by 0:000012 
foot, etc. 


21. Coefficient of Expansion at Different Temperatures :— 
We have seen that in defining the coefficient of linear expansion of a 
solid we should refer to its length at 0°C., but practically it is not 
always convenient to measure the length at 0°C., and so generally the 
length at the beginning of the experiment, i.e. at the temperature of 
the room, is taken, instead of its length at 0°C. Tn the case of solids, 
the error made by doing so is very small and can be neglected. 

The length ofa rod, which is initially not at O°C. but at some 
other temperature, say #1°C., may be calculated thus— 

Let lo, l1, and la bo the lengths at 0°, t°, and t'O. respectively, 
where ta is greater than /, ; 

then l = loll + tx) ; and le = loll +4ta). 

la L (tata) (1 4 tat) = (1+ 4tall—4ts)= 1+ Xe t 
i (tat) (L+a4ta(1 t,) ( 2) 1) amta) 
neglecting terms containing higher powers of x. 
la ~l 
= a : oe a 
la =1f1 + 4(ts — tx); on, Elte—th) 

Hence, the modified definition of the mein coefficient of linear 
expansion may be expressed as, 

ff. of li a a ee Increase in length _ 

Coeff. of linear expansre Original length x Rise in temperature 

22. Measurement of Linear Expansion :— 

(i) Lavoisier and Laplace’s Method :—To measure the co- 
efficient of linear expansion of a metal by Lavoisier and Laplace s method 


ae 
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a rod AB of the metal is placed on rollers in a horizontal position 
in a trough containing oil or water (Fig. 
12). The liquid used is heated to raise 
the temperature of the rod. A vertical 
lever BC is placed with one end resting 
against the rod at B while a telescope CD 
is fixed to the other end ofthe lever at O 
with its axis horizontal. Before heating 
the rod, the telescope is adjusted such 
Fig. 12—Lavoisier and that a mark, say, S, on a distant vertical 
Laplace’s Method scale is distinctly viewed through it. 
„Aftor heating the rod to a constant temperature, as the rod AB 
expands, the lever BC js turned into the position B'O so that a 
different mark S' will now be viewed through the telescope on the 
seals. Knowing the distances BO and CS, the elongation of the rod 
BB’, can be found from the relation. 
BB. _ SS. 


BO OS: 


From this the coeficient of linear expansion can be calculated, 
the increase in temperature being determined by a thermometer, and 
the original length AB of the rod measured by a scalo. 


Gi) By Pullinger’s Apparatus. —In this method the increase in 
length of a metal rod is measured by a spherometer. 
The rod which is about a metre long is surrounded 
by a steam-jacket having inlet and outlet tubes for 
steam, and two other side tubes for introduction of 
thermometers (Fig. 13). The rod rests with its lower 
end on a glass plate fixed on the base board of the 
apparatus, the other end, which is free to expand 
upwards, reaches upto a hole in another glass plate 
on the top of the apparatus. The glass plate supports 
three legs of a spherometer which is so placed that 
the central leg can be screwed down to touch the top 
of the rod. 

Expt.— Measure the length (1) of tne rod at the 
room temperature by a metre scale and place it in its 
proper position in the jacket. Introducs two thermo- 
meters in the side tubes and note the steady tem- 
perature tı after sufficient time has elapsed. If the 
readings of the two thermometers differ, then take 
the mean of the two thermometers as ty. This gives 
the room temperature. Adjust the spherometer so 
that its central leg just touches the top of the rodand Fig. 18—Pullin- 
take the reading. Now serew up the central leg so $et’s Apparatus 
as to allow sufficient room for expansion, and pass steam through 
the steam-jacket for some time until the temperature becomes steady 
again as indicated by the thermometers ; let the steady temperatnre 


AWA 
MENT TELT GV ERATE 
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be t2°. Now screw down the central leg until, contact is again made 
and take the reading. The difference of the two spherometer read- 
ings gives the increase in length, says, of the rod for the rise of 


temperature (ta—t;). Then, we have, 4-7. 
g Uta—tx) 

The correctness of the result of the experiment depends upon the 
accuracy of measuring the expansion of the rod, i.e. on the accuracy 
of the spherometer readings. 

(iii) Comparator Method.— This is an accurate method and is 
used at the International Bureau of Weights and Measures for 
measurement of the coeficient 
of the linear expansion of a solid. 

Inside a trough T (Fig. 14) 
contiining water at 0°C., two 
bars, one being a standard 
metre bar A with fixed marks 
on it near its ends exactly one 
metre apart and the other the 
experimental bar, say B (not 
shown in the figure), having 
two scratches on it about a Fig. 14— The Comparator: Method. 


metre apart, are placed on in 3 
separate trolleys. The. tro'leys are carried on wheels by turning whieh 


the bars can be moved and the scratches on them brought in turn 
under the microscopes M, and Ms. These microscopes are mounted 
on massive concrete pillars E, E so that they may not be affected by 
change of temperature. They are provided with micrometer screws 
(not shown) by which their position can be adjusted. 

The standard metro bar A is first brought under the microscopes | 


and the latter adjusted by the micrometer screws until the scratches 
P, and Pa on the bar are just under the eross-wires in each eye-pieco. 
The distance between the cross-wires of the two microscopes is thus 
made exactly one metre. Next the bar A is wheeled out and the 
other bar B brought in. The microscopes are again adjusted until 
their respective cross-wires are just above the end scratches of this 
bar. In so doing the total shift of the two microscopes from their 
original position is noted. The length between the two scratches on 
the bar B at 0°C. is found by adding or subtracting the total shift 
to or from one metre. Tn the next step, the temperature of the liquid 
bath is increased and maintained constant at some suitable yalue. 
The microscopes are again adjusted by means, of the micrometer 
screws such that the scratches on B are again m the same vertical 
lines with the respective eross-wires. The extra shift of the two 
microscopes at this step gives the expansion of a length l of the bar 
B for tho given riso of temperature. So the coefficient can be 
accordingly calculated. The method is called the ecmparator method, 
because the original length of the rod js found by comparing it with 


a standard metre. 
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23. Substances not affected by Changes of Temperature :— 
There are a few substances, like fused quartz, fused silica, and invar, 
which are very little affected by change of temperature. Vessels, 
made of fused silica, or fused quariz, expand or contract vory little 
when their temperatures are changed. In the laboratory the crucibles 
can be made red-hot and then suddenly cooled without any risk of 
cracking. 


Invar which is an alloy of nickel and steel, containing 36 per cent. 
of nickel, invented by the French metallurgists M. Guillaume, shows 
very little change of length with change of temperature ; its coefficient 
of linear expansion which is 0°0000009 per °C. is almost negligible. 
The name invar is derived from the word ‘invariable’. 

Note.—It may be remembered here that glass and platinum expand or 
contract almost equally. \ 

24. Superficial and Cubical Expansions :— The coficient of 
superficial expansion is the ratio of the change im area to the original 
area of a surface at 0°O. for 1°0. change of temperature. 


If So and S: be the initial area at 0°C. and the final area at 0. 
ofa body, £O. being the rise in temperature, then the mean coefficient 
of superficial expansion. 
Se — So 


B (pronounced “beta” oar Reon St = So (1+ 8t) a) 


As in Art. 21 it can be shown that P= Bass ou 
Silta — ta) 


, where Ss is 


the area at t2°C. and S4 at t4°C. 

25. Relation between x and 8 :—Consider a square surface 
(Fig. 15) of a homogeneous isotropic solid, each side of which is lo at 
O°C. and e at °C. So the area of the surface at 
0°, So =lo 2, and at t, S& =k *. 

But l =lo (1+t), where x is the coeficient 
of linear expansion. 

Si ={lo (1+«#)}9 =o 2(1+24t+ 2747). 
Since x is very small, terms containing x” and 
higher powers of x can be neg! ected. 

Si SUAR. xcs pose (2) 
Again from (1), Se =So (1+Bi) ... =. (8) 
From (2) and (3), 1 +8t=1+2xt (C. So =lo *); or B=2x. 
That is, coefficient of area erpansion=2X coefficient of linear 
expansion. 


Note.—The error due to neglecting <7? can be seen as follows : 

Lot us take the case of iron, where <=0'000012, and 8=0'000024. 

The part neglected is =<?=(0'000012)*. 

7. Percentage error in the value for the coefficient of superficial expansion 
(07000012)? 


29 EA raataa 
per °0=- 0000024 


x100=0'0006. This is a negligible error. 
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26. The Coefficient of Cubical Expansion of a Body :—It 
is the ratio of the change in volume to the original volume at 0°O. for 
1°C. change of temperature. 

Thus, if Vo, Ve be the volume at 0°O. and °C. respectively and 
Y (pronounced “‘gamma”), the .mean coefficient of cubical expansion 
then, 
=' Vi- Vo ie Vo . = 
y= Vx 10% Vi = Vo(1 +t). 
Vo-Vi 


As in Art. 21, if can be shown that Y = 57 , for all practical 
V: (ta "p ta) 


purposes, where Ve is vol. at ta C. and Vi, vol. 
at t,°C., expansion of all solids being small. 

27. Relation between 4 and 7” :—Con- 
sider a solid cube each side of which is lo at 
0°C., and at #°C. (Fig. 16). Then, we have, 
as - before, Vo=lo®, and Vt =l*, where 
= lo (1+<t). 

< Vi = floll +4t)}? = lo? (1 +344 +34°t° 

+4°48)=19%(1+3xt) (neglecting the terms 
containing x? and 4°) = Vo(1 + 34¢). 

But Ve =Vo(1+7t) Hence we have 


Fig. 16. 


1+7t=1+3%t; whence ¥=8% approximately, i.e. the coeffiicent of 
cubical expansion = 8 X coefficient of linear expansion. 

Examples. (1) 4 glass rod when measured with a zinc scale, both being at 
20°C., appears to be one metre long. If the scale is correct at 0°C., what is 
the true length of the glass rod at 0°C.? The coefficient of linear expansior 
of glass is 8x 107° and that of zinc 26 x 10-*. (Pat. 1920) 


Ans. At 0°C, each division of the zinc scale is 1 cm. and at 20°C, each 
division = (1 +0°000026 x 20)= 100052 cms. 
1 metre or 100 cm. of the zine scale at 20°C.=100x 1'00052= 100-052 
‘true centimetres, 
Hence, the correct length of the glass rod at 20°C.=100°052 cm. 
(The true length of the glass rod at 0°C.)x0:000008 x 20) = 100052. 


o7__ __ 100°052 BY AS 4 
The true length of the glass rod at 0 C= 10000008 x20 =100036 cm. 


(2) A steel scale reads exact millimetres at 0°C. The length of a platinum 
wire measured by this scale is 621, when the temperature of both of them is 
17°C. Find the exact length in millimetres of the platinum wire. What would 
be the exact length of the wire at 0°C.? 

Ans. (a) Coefficient of linear expansion of steel=0-000012. 

At 17°C. one scale division of the steel scale which is correct at 0°C. is not 
exactly I mm., but a little greater than 1 mm. 

1 scale division at 17°C. would contract to 1 mm. at 0°C. 5 

621 scale divisions at 17°C. would contract to 621 mm. at 0°C, 
The exact length in mm. of 621 scale divisions at 17°C. 
=621(1+0:000012 x 17) =621°127. 

tb) Coefficient of linear expansion of platinum =0'000008. 

Length of the platinum wire at 0°C x (1+0°000008 x 17) =621°042 mm, 


i i Yali sogirtari oa 
Length of the platinum wire at 0°C. = 1-000186 =621:042 mm. 
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(3) An iron bar whose sectional area is 4 sq. cm. is heated from 0°C. to 
100°C. What force would it exert if it were prevented from expanding ? The 
modulus of elasticity for iron=2x1012 dynes per sq. cm. ; the mean co-officient 
of linear expansion of iron=0°0000122. 


Ans. T£lo be the length of the bar at 0°C., and l its length at 100°C., then 
(U—lo )Jlo =100 x 0°0000122 =0'00122, 


But we know that if lo be the natural length of the bar, and Z its length 
when stretched with a force of F dynes, then the Young’s modulus (Y). 


yates, po Zlo) where s=sectional area of the bar 
s(l—lo ) Cee 
=2 x10? x4 x0°00122 =976 x10" dynes, from (1). 
(4) A cube whose sides are each 100 cm. at 0°C. is raised to 100°C. if the 
sides become each 101 cm., find the co-efficients of linear and cubical expansions. 


Ans, The coefficient of linear E AASA 200 


TRIG aAA and so the coefficient 


of cubical expansion ='0001 x 3="0003. 


(5) An iron clock pendulum makes 86405 oscillations one day ; at the end of 
the day the clock loses 10 seconds ; find the change in temperature. (The coefficient 
of linear expansion of iron is 0:0000117.) 


(Pat. 1924; U.P.B. 1937 ; A.B. 1952) 
Ans. Fora pendulum, t=2e,/ +- Similarly, if t’ be the period of the 


pendulum when the length is increased to I’ for any change of temperature 0. 


i TEN ANAA AN 
g i T 


(x=cooficient of linear expansion of the metal), 


There are 24%60x60=86,400 seconds in a day. So a correct seconds 
pendulum will make 86,400 swings in a day. 
86.400 86,400 


In the example, t= 56405 : t= 56,5955% 


> Pe ABE AnA, panes ! 
“. From (1), 4+ eo aoe = A/i-FxO=(1-+0)3 = (1-+100001176)4 
=1-+4(-00001170)=1+ 000005859, whence 0=19°8°C. 


(6) A clock with a brass pendulum beats seconds at 0°C. What will be the 


difference in its rate per day when the temperature is 32°C. ? (Coefficient ofi 
linear expansion of brass is 0:000019.) 


Ans. The time of vibration of a pendulum is proportional to the square 


root of its length. So, if ¢ and to represent periods corresponding to lengths J at 
30°C. and Io at 0°C., we have, 


= ee (where « =coefficient of linear expansion of brass, 6=change 


in temperature) 
= ,{1-+0°000019 x 80 =1°00028. . t=1°00028 ('.* to=1 sec.). 


But the number of seconds in a day=24x60 x 60=86,400=number of swings 
of the pendulum at 0°C. when jt beats true seconds, 


: eg 86,400 _ i 
~. The number of: swings per day at 30°C.= TORS 86,375'8. 


————— 
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So the ‘clock will lose (86,400—86,375'3)=242 seconds per day. 

(7) A clock which keeps correct time at 25°C, has a pendulum rod made off 
brass. How many seconds will it gain per day when the temperature falls to the 
freezing point? (Coefficient of linear expansion of brass is 0°000019.) 

(C. U. 1931) 

Ans. Let =length at 0°C. ; l=length at 25°C. 

to=period corresponding to the length lo; t:=period -corresponding to the 


length l. Then, we have, noz V hs [peep 
to lo lo 
i 

= (1 +0'000475)2= (1+4 x 0'000475) approx. =1:0002375. 

But because the pendulum keeps correct time at 25°C., the value of tys=1 
second, and = sidar 

5 h= Togoaa7s 4 

There are 86,400 seconds in a day. So the pendulum makes 86,400 swings at 


25°C., when it keeps correct time, i.e. when tẹ=1. .. When iod= AA 
a penod = 1-00028715 
sec., the number of swings=86, iis ake = = "52. 
ngs: 40 70002975 86,420'52. 


The pendulum gains (86,420°52—86,400)=20;52 seconds. 


28. Practical Examples of Expansion of solids:—In many 
cases precautions have to be taken against expansions or contractions 
of metals arising from changes of temperature. 

(a) Why in laying rails, a small gap is left in between ? 

When railway lines are laid, a space of about a quartor of an inch 
is left between successive rails in order to allow for expansion when 
heated. But for these gaps the rail would buckle and cause train 
derailments. 

{Similarly, allowances are to be made for expansion in mounting 
girders for iron bridges. The electric train lines, however, are welded 
together. These lines serve as electrical conductors and are 
continuous. As they are embedded in the ground the variation of 
temperature is small. The joints of gas and water pipes are made 
like those ofa telescope in order to allow a certain amount of ‘play’ 
at the ends.] 

(b) The length of metal chains used in surveying requires 
correction for variation of temperature. An ordinary clock fails to 
keep correct time owing to changes in the length of the pendulum 
consequent on the variations of temperature of the atmosphere. It 
goes slow in summer when the pendulum lengthens and fast in winter 
when it shortens. To keep correct time the length has to be 
periodically regulated. 

(c) In rivetting boiler plates, red-hot rivets are used which on 
cooling, contract and grip the plates tightly and mark. the joints 
steam-proof. 

The same principle is adopted in fixing iron tyres on carb wheels. 
The tyre is at first made somewhat smaller in diameter, and then 
heated until it expands sufficiently to be easily put on the wooden 
wheel. On cooling, the tyre contracts and binds the wheel firmly. 
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Fire alarms are also based on this principle. One form of this 
consists of a compound bar of brass and iron. When hot it bends 
over and completes an electric bell circuit, and rings the bell. 


(d) Why in drinkng hot water, a thin-bottomed glass is taken ? 


Thick-bottomed drinking glasses frequently crack if hot water is 
poured into them. Glass is a bad conductor of heat. So it fails to 
transmit heat quickly from fhe neighbouring parts to equalise the 
temperatures in different portions, due to which there is unequal 
expansion of the inner and outer layers and hence it cracks. For 
identical reasons the hot glass-chimney of a lantern cracks if a drop 
of cold water falls on it. 

For similar reasons, a tightened glass stopper sticking in a bottle 
may be made loose and taken out by pouring hot water round the 
neck of the bottle. By this the neck expands before the stopper does 
and so the stopper becomes loose. : 


(e) In sealing metallic wires into glass why platinum is used ? 


Sometimes it becomes necessary to seal metallic wires into glass. 
Tf a piece of copper is sealed through glass the joint usually fractures 
on cooling due to unequal contraction of copper and glass. But 
platinum and glass have almost the same coefficient of expansion 
and so platinum can be safely used for this purpose without fear 
of cracking. 

Example.—The distance between Allahabad and Dethi is 390 miles, Find 
the total space that must be left between the rails to allow for a change of 


temperature, from 36°F. in winter to 117°F. in summer. (All. 1932) 
(Coefficient of expansion of iron=0'000012 per°C.) 
eyes (86-89) x L =2%0, ; 11°F. =(117— 5 _ 495, 
Ans. 86°9=(86—32)x 9 =5°C. ; 17°F. =(117 82) x 5 = gC 


890 miles =390x5280x12x2°54 cms. The total space to be left=expansion of 
iron rails 390 miles long for (43 x2) pc. change of temperature 


= (890 x 5280 x 12 x 2°54) x 0000012 x Ae -2 ) =0'21 mile. 


9 
[Alternatively :—Ooefficient of expansion of iron =0'000019 x? per °F. 
.°. The total space to be left =total expansion =390x (0:000012 x 5) x (117 
—36) mile=390x (0000012 x a) x81 mile =390 x 0'000012 x 5x 9 mile=0'21 mile. 
29. The compensated Pedulum :—In a penđulum clock the 
time-keeping quality depends upon its length, t. e. the distance from 


the point of suspension to the centre of gravity of the bob; because 
the period of oscillation of the pendulum changes with the change of 


length according to the relation, EN A 


It is evident from the above expression that if J increases, ¢ will 
become greater. In order that the rate of a clock may be uniform 


EXPANSION OF SOLIDS 339 


the length of the pendulum must not vary with temperature. If the 
length increases, the period of oscillation will increase and the clock 
will lose time ; if the length decreases, the clock will gain time. So 
generally in summer, the clock will lose, and in winter, the clock will 
‘gain time. 


In order to nullify the . effects of thermal expansion and 
contraction, compensated pendulums are constructed employing 
some special device whereby a constant length from the A 
point of suspension to the centre of gravity of the bob is 
always maintained in spite of any variations of tempora- 
ture. Such peadulums are called compensated pendulums, 

Harrison’s Grid-iron Pendulum.—This is the best l 
form of a” compensated pendulum. The principle of 
construction can be explained as follows :— 

Let AB and OD be two parallel rods of different 
metals (Fig. 17), say, steel and brass, being connected by 
a cross-bar BO. If the point A is fixed, AB will expand 
downwards, while CD will expand upwards when the tem- 
perature rises. Now, if the lengths of the rods are such Fig. 17 
that the downward expansion of AB is equal to the upward expansion 
of OD for any rise of temperature t°, the distance AD will remain 
unaltered. So, if a, a’ be the coefficients of expansion of AB and OD, 
and J, V their lengths respectively, we have, lat =U'a't ; or la= l'a’. 


tlw 
ET aa 
ġe. the lengths of the rods should be inversely proportional to their 
coefficients of expansion. It is also evident that CD which is shorter 
must be constructed with more expansive metal than AB. 

The actual pendulum consists of a framework 
(Fig. 18) containing alternate rods of steel (shown in 
thick line), and brass (thin liaes). The central steel 
rod O, passing through holes in the lower crogs-bars 
of the frame, carries the bob B at its lower end. The 
arrangement is such that the steel rods expmd 
downwards, while the brass rods expand wpwards, 
and the centre of gravity of the bob is neither raised 
nor lowered, if the total upward expansion is equal to 
the total downward expansion. It should be noticed 
that in a Grid-iron perdulum all the bars, except the 
central one, are in pairs. 

So, if there are 5 steel rods, each J, cm. long, and 
4 brass rods, each le cm. long, the effective length of 
the steel rods is 37,, and that of the brass rods is 2ls, 
and taking the coefficient of linear expansion of 

Fig. 18— brass to be 0'000019 and that of steel 0'000012, 
Harrison's Grid- 31, 0°000019 _ 19 


iron Pendulum. we shall havez ~ 0°000012 12: 
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In constructing good clocks and watches precautions have to be 
taken to counteract the effects of expansion, in order to set a correct 
tate of movement of the mechanism, 


Note.— Ij is now-a-days usual to make the pendulm rod of a 
clock of invar, an alloy of nickel and Steel, the coefticient of expansion 
(0'0000009) of which is almost negligible, 


The Mercury Pendulum.—The hob of this 
pendulum is a framework provided with two glass 
cylinders containing mercury [Fig. 18(a)], The prin 
ciple of compensation is similar to that of the Grid-iron 
pendulum; the rod carrying the bob expands 
downwards, while the mercury expands upwards, and 
the quantity of mercury is so adjusted that the effective 


30. Compensated Balance Wheel ‘Fig. 19 
illustrates the balance wheel of a watch, The time of 
oscillation of the wheel depends upon the average 


- the quicker the oscillation. So an ordinary wheel 
Fig. 18(a)— è z k; È $ y 
Mercury oscillates quicker in Winter than in summer owing to 
Pendulum contraction of the wheel due to low temperature. The 


compensation for temperature change is secured in 
the following way. The rim of the balance wheel is made of three 
segments, each segment being supported at one 
end A by a spoke joined to the centre of the 
wheel, the free end carrying an adjustable 
mass W. Hach segment is made of two strips 
of dissimilar metals, the more expansible one 
being on the outside, 

With the rise of temperature, as a spoke 
increases in length carrying the attached 
Segment outward, the free end of the segment 
Moves inwards, the outer Strip of the segment 
Sxpanding more than the inner ono, The wheel Wheel. 


of the riders W. The average diameter of the wheel is thus kept 
Constant, and the time Period is unaffected by any increase of 
temperature. When temperature falls, the effects and adjustments 


Example.—There are 5 iron rods, each 1 metre long and 4 brass rods in a 
Grid-iron pendulum. What is the length of each brass tod? (The coefficient 
of expansion of iron is 0°C0G012, and that of brass 0000019.) 


4 
sas 
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Ans. The effective length of the iron rods=3x%1=3 metres, 
and if J metre be the length of each brass rod, its effective length=2I, 
21 _0°000012 _ 19. 3x 


», 24 „0000013 12 p j= 3X1 
8 “0000019 ~ 19 °" $9 egg “18119 metre. 


Questions 


1, A rod of iron and a zinc rod are each 2 metres long at 0°C., and both are 
heated equally. At 50°C., the zinc rod is found to be longer by 0'181 cm. Find 
the coefficient of linear expansion of iron when that of zinc is 0:0000298 per °C. 

(C. U. 1927) 


[Ans. 00000117 per °C.] 
2. The length of a copper rod at 50°C. is 200-166 cm. and at 200°C., it is 


200664 cm. Find the length at 0°C, and the coefficient of linear expansion of 
copper. 


[ Ans. 200 cm. ; 0:0000166 per °C] 


3. State the laws of the simple pendulum. The pendulum of a clock is made 
of wrought iron and the pendulum swings once per second. If the change of 
temperature is 25°C., find the alteration in the length of the pendulum. | (Co- 
efficient of expansion of wrought iron is 119 x 10~*) (Pat, 1920 ; Dae, 1942) 


[In this case, t=2 secs, So 1=r /l/g=x/i/981 ; where L= 99°39 cms: 


If / be the initial length of the pendulum, the length after the temp. is 
increased by 25°C.=1(1+-0-0000119 x 25). The alteration in length 


=1(14-0'0000119 x 25) —1 =} x 0°0000119 x 25 = 99'39 x 0'0000119 x 25 =0°02956 cm.] 
4, Define the coefficient of cubical expansion of a solid. Does it differ when, 
(a) the lengths are measured in centimetres or feet, (b) the temperature is 
measured in Fahrenheit or Centigrade ? (C: U. 1981) 
5. Define the co-eff. of linear expansion, Does it depend on (i) the unit of 
length, (ii) scale of temperature ? (Vis. U. 1952) 
6. A brass scale reads correctly in mm. at 0°C. Jf it is used to measure a 
length at 33°C., the reading on the scale is 405 cms.- What is the correct measure- 
ment of the length ? 


Ans. 40525 cms. | 
7. A zinc rod is measured by means of a brass scale (which is correct at 


0°G.), and is found to be 1:0001 metres long at 10°C. What is the real length of 
the rod at 0°C. and at 10°C. ? (Pat. 1949 ; Nag. U. 1951 ; Utkal, 1951) 


« (zinc)=0'000029 per °C.,; « (brass)=0:000019 per °C. 
[ Ans. (i) 1000000018 metres; (i) 1°000290019 metres.] 


8. A platinum wire and a strip of zinc are both measured at 0°C., and their 
lengths are 251 and 250 cms. respectively. At what temperature will their lengths 
be equal, and what will be their common length at this temperature. (The, 
coefficient of linear expansion of zinc is 0°000026 and that of platinum = 0000089.) 


[ Ans, 234°C. ; 251523 cms.] 
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9. A brass scale measures true centimetres at 10°C. The length of a copper 
tod measured by the same scale is found to be 100 cms. at 20°C. Find the real 
length of the rod at 0°C. (The coefficient of linear expansion of copper is 
0000017 and that of brass 0000019). 


[ Ans. 99'985 cms. ] 

10. How could you show that brass expands more than iron when rods of 
these two metals are heated through the same temperature ? 

ll. Define co-eff. of linear expansion of a solid. How is it related to the co- 
eff. of cubical expansion ? 


If steel railroad rails are laid when the temp. is 35°F., how much gap must 
be left between each standard 39 ft. rail section and the next if the rails should) 
just touch when the temp. rises to 120°F.? « for steel =12x10-* per °C. 


(C. U. 1955) 
[Ans. 027 inch. ] 


12, A railway line is laid at a temperature of 7°C. If each rail be 40 ft. 
Jong and firmly clamped at one end, calculate how much space should be left 
between the other end of the rail and the next one when the temperature rises 


to 34°C. (The coefficient of linear expansion for iron is 0:0000109 per °C.) 

[ dns. 0141264 inch. ] 

18. What space should be allowed per mile of engine rail to avoid stress in 
the rails for the variations of temperature between 25°C. and —5°C. 

[<x (iron)=0:0000109 per °C. ] 

[Ans. 17265 ft. ] 

14, Railway lines are laid with gaps to allow for expansion. If the gap 
between steel lines 66 ft. long is 05 in., at 10°C., at what temperature will the 
lines just touch ? (x for steel= 11x 10-® per °C) 

[Ans. 673°C. ] (C. U: 1958 ; G. U. 1951) 

15. The diameter of an iron wheel is 8 ft. If its temperature is raised 
400°C., by how many inches is the circumference of the wheel increased ? 

[Ans. 0493 inch. ] 

16. A steel tyre 4 ft. in diameter is to be shrunk on to a cart wheel of 
which the average diameter is 1/8 inch greater than the inside diameter of the 
tyre. Calculate the necessary rise of temperature of the tyre in order that it may 
easily slip on the wheel (coeff. of expansion of trye=0:0000112), (Pat. . 1922 

[ Ans. 232°5°C. nearly. ] 

17. An iron ring of diameter | ft. is to be shrunk on a pulley of diameter 
1-005 ft. If the temperature of the ring is 10°C., find the temperature to which 
it must be raised so that it will slip on the circumference of the pulley. 

(«for iron=0000012 per °C.) (Œ. P. U. 1953) 

[Ans. 426°6°C. ] 

18. The coefficient of linear expansion of brass is 0:000019 ; if the yolume of 
a mass of brass is 1 cubic decimetre at 0°C., what will be its volume at 100°C. ? 

[ Ans. 10057 cubic decimetre. ] 

19. A lump of iron has a volume of 10 cu. ft. at 100°C. Find its volume at 
25°C. ( « for iron=0:000012 per GJ: 

[Ans. 997 cu. ft.] 
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20. The volume of a lead bulleġ at 0°C. is 25 c.c. The volume increases ab 
98°C by 0'021 c.c. Find the co-efficient of linear expansion of lead. 

[Ans. 286x 107° per °C. ] 

21. Two bars of iron and copper differ in length by 10 cms, at 0°C. What 
must be their lengths in order that they may differ by the same amount at all 
temperatures. (The co-efficients of linear expansion of iron and copper are 
0000012 and 0:000018 respectively.) 

[ Ans. Iron, 30 cms. ; Copper, 20 cms. ] 

22. Describe any method fon determining the co-efficient of linear expansion 
of a solid. (E. P. U. 1951; C. U. 1942, '53; All. 19255; G. U. 1953; 

Nag. U. 1955; Pat. 1920; Dac. 1934) 

23. One end of a steel rod is fixed and the other presses against an,end of 
a lever 10% cms. from the fulcrum. The rod on being heated turns the lever 
through 2°. Find the increase in length of the rod. (Pat. 1926) 

[ Ans. 0366 cm. nearly. ] 

24. One end of a steel rod of length 6] cms. is fixed and the other presses 
against an end of a lever 105 cms. from the fulcrum. The rod on being heated 
through 500°C. turns the lever through 2°. Find the co-eff. of linear expansion 


of the rod (90°= Si radians.) 


(Ans. 12x10® per °C.) 

25. Define the co-efficients of linear and cubical expansion, 

Show that the latter is three times the former. 

(E. P. U. 1951; C. U. 1951; Vis. U. 1951; P. U, 1952; Pat. 1986, "49, 'b2, 

cf. C. U. 1953; G. U. 1955) 

26. A brass ball whose vol. is 100 c.c. and whose mass is 820 gms. is heated 
from 0°C. to 500°C. If the coeff. of linear exp. of brass is 0000018, find the 
difference in the density of brass at the two temps. (C. U. 1951) 

[Ans. 0216 gm./c.c. ] 

27. A grid-iron pendulum is made of 5 iron rods and 4 brass rods, Each off 


the brass rods is 50 cms. in length. Find the length of each iron rod. 
(G. U. 1948) 


(% for iron =12 107° per °C. 
for brass =18X 10~° per °C.) 

[Ans. 50 cms. ] 

28. Describe the effect of varying temperature on the rate of a clock or 
watch. Explain how chronometers are constructed so as to keep accurate time in 
spite of changes of temperature ? (C. U. 1925) 

29. Why should the time of oscillation of a clock pendulum change with risa 
of temperature ? What arrangement is made to make the clock give correct time 
both ini warm and cold weather ? Given that the co-efficient of linear expansion 
of brass is 0000019 and that of steel 0:000011, what must be the relative lengths 
of the bars of the metals used in the Grid-iron pendulum ? 

(Pat. 1936 ; C. U. 1949) 

fans. Tl: 19) 

30. Write explanatory notes on compensated clock-pendulums and watch 
balance wheels; give diagrams. (Utkal, 1954) 


CHAPTER III 
EXPANSION OF LIQUIDS 


31. Dilatation or Epansion of Liquids +— Liquids must always 
be kept in vessels, and Since the liquids have no definite shape 
of their own, and always take the shape of the Containing vessels, 
the thermal expansion or contraction in the case of liquids is always 
cubical and linear or area expansion has no meaning for them. 


Real and Apparent Expansions.—In any experiment on the 
thermal expansion of liquids the liquid has to be Placed in a vessel of 
Some sort, and the heat applied will also, in most cases, make the 
vessel expand. As a result, the liquid expansion which we observe, 
called the apparent expansion of the liquid, is less than its real expan- 
sion. The expansion of the vessel partly makes the expansion of the 
liquid and makes the latter appear less than what it really is. 


In Fig. 20 temperatures are represented along the abscissa and 
volumes along the ordinate. Consider a glass vessel containing a 
volume OB of a given liquid at 0°0. Suppose 
its temperature is raised to tC. represented 
by OA. Let the straight line BE represent the 
expansion curve of the Vessel, assuming the 
expansion to take place uniformly as the 
temperature rises so that at é°, the volumə is 
AB. Again, let the straight line BF’ represent 
the expansion curve of the liquid so that its 
volume at #0. is AF, assuming the liquid 


Pee R expansion to be greater, and. also uniform 
over the temperature range considered. [et 
Fig. 20 the horizontal line through B mest the vertical 


line AF at D, so that DF gives the real expansion of the liquid for 

0. rise in temperature, while DZ gives the expansion of tho 
vessel for the same rise. Therefore, the observed expansion, 7. e. the 
apparent expansion, will be given by HF only. Since DF =DE +EP, 
the real expansion DF of the liquid is equal to the apparent expansion 
EF of the liquid Plus the expansion DZ of the vessel. 


Or, apparent expansion = real expansion — expansion of vessel. 


NB. If the liquid is more expansible than the material of the 
vessel, there will be, on the whole, an apparent expansion of the 
liquid. In the reverse case, the liquid will apparently contract. If 
the two expand equally, the volume of the liquid will appear to remain 
constant. Because the liquids, in general, expand more than the 
solids, there is ordinarily an apparent expansion, when a liquid is 
heated in a vessel. 
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Note also that a hollow vessel expands as if it wore solid, haying 
the same volume, because if the hollow of the vessel were also = 
after expansion it would fit in with the outer vessel. ae 


r 


ae 

Coefficient of Expansion (or Dilatation) .—(i) The coefficient 
apparent expansion of a liquid is the ratio of the apparent inerease gd 
volume to the original volume of the liquid at 0° O. for 1°0. change G 


of temperature ; or, symbolically, Yam Spparent inoreage £ 2 voh oe: 
o D 
(ii) Lhe coefficient of real (or absolute) expansion of a liquid i ae 
the ratio of the real increase. in volume. Dradeed by a rive'of tempes 
rature of I'O. to the original volume of tholiquidsat 0°O. 3 -0r, Syme: 
bolically, HEE Cas cpt Na ae ee 
_ real inarease.in ve noe z 
AR if e E A 
The above two coefficiónts are little affected if the inorease in 
volume is referred to the original volume at any temperature instead 
of to the volume at 0’, for the expansions of all liquids are small. 
So, as pointed out in the cases of linear and superficial expansions, 
tho mean coefficient of liquid expansion, real or apparent as the case 
may be, may also be expressed as, 


Coos of ansion= —.-2merease in volume ` 

e eop. original volume X rise in temp. ` 

Relation between y, and ya—If a volume Vo of liquid be heated 
through ¢°O., its real expansion = Voyrt, apparent expansion = Vo.Ya.t, 
and the expansion of the vəssel=Vo”.t, where ”=cooff. of cubical 


. expansion of the material of the vessel. So because real expansion= 


apparent expansion+ expansion of the vessel Vor t= Vo.lal-+ Votta 


or, %r=yat?, 
32. Variation of Density with Temperature :—Wo know that 
density = E | Let m gm. of a substance (say, a liquid) 
"volume 
occupy V o.o. at 0°C., then its density at this temperature, do=m/Vo 
gms./¢.c..,.......(1). ‘The - volumo occupied by the same mass at 
#0. will be Vz, when the density, de =m/Vi gms./o.c......,... (2), 


But Ve=Voll+yrt}. (3), where 7 is the coofliciont of real 
cubical expansion of the liquid. 
do Ve Vo(1+7rt) 


From (1) and (8), EMT A =(L+75t); 
or, do= dt (1+7 rt) as ( 
or, dt =dol1+7rt)“* > or, de = dol; i), approximately KALON 
to Yr= ii 
s dot 


[Note. Compare equations (3) and (5).] 
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Examples.—(1) The density of mercury is 13°59 at 0°C. What will be the 
volume of 30 kilograms of mercury at 100°C., coefficient of expansion of mercury 
being 1/5550. 


Ans. Let doo =density of mercury at 100°C., do=density of mercury at 0°O, 


We have, do =dy99(1+7rt) 
2 pee =) do = 13°59 t; = 18°59 x 5550 
100° 1+9rt 1+(lesto X 100) 5650 ` 


So, the volume of teroury = A 80% 1000 
RE 

; (2) A glass hydrometer reads Specific gravity 0'920 in a liquid at 45°C. 
What would be the reading at 15°C.? Coefficient of cubical expansion of the 


liquid =0°000525 and that of glass =0°'000024, 


_ Ans. Let Vy, V ıs =volumes of the hydrometer at 45°C. and 15°0., respec- 
tively ; d4s, dıs =densities of the liquid at 45°C. and 15°C. respectively ; then x 
dıs =d4sf1 +Yrl45 —15) f~.. (from eq: 4, Art. 82) =d4s(1+0*000525 X 30) = 
das X 101575 ; and V4s=Vis(1+0°000024x 30)... Vy, =F 4 (1 —0°000024 x 30) = 
(V 43 x 0799928). 
Again the mass of V,, ¢.c. of liquid at 15°C.=V,5Xd,5. 
c. Vie dis =(V45 X 0'99928) X d 45 X1°01575. 


is EA he ies 
i fee deo VOUT 0-9845 C dys =0'990). 
3 


(3) A cylinder of iron 20 inches long floats vertically in mercury, both being 
at the temperature 0°C. If the common temperature rises to 100°C., how much 
will the cylinder sink? Sp. gr. of iron at 0°C=7°6 ; sp. gr. of mercury at 
0°G.=13'6 ; cubical expansion of mercury between 0°C. and 100°C.=0-018158 3 
linear expansion of iron between 0°C. and 100°C = 0°001182.) (Pat. 1942) 


Ans. Let lo and lioo be the lengths of the cylinder immersed in mercury and 
Ao, A100 be the areas of the cylinder at 0°C. and 100°C. respectively. 

The density of iron at 0°C.=(7°6 x 62'5) lbs. per cu. ft.—do say; and that of 
mercury at 0°C. =(13°6 X 62°5) lbs. per cu. ft.=po, say ; and let their corresponding 
densities at 100°C. be d,oo, and Pioo, then from eq. 5, Art. 32, 

4,09 =do(1 —3 x 0'001182) and P, 9 =Po(1 —0'01815). 


=2247°27 0.0. 


By the law of floatation we have (20x Ao) x do=(lo x Ao) xP, ieee (1) 
and {20(1-+-0°001182) 100} x d100 =(l100 X 4108) X P100 = (2) 
20% do _ 20%(7°6 X62'5) _ 4. ay 
From (1) we have, lo= o «186% 62'5 11°176 


and from (2), 20(1-+0°001182) x do (1 —3 x 0°001182) =l; 09 x Po(1 -0'018158) ; 
or, 20(1 +0°001182) x (7°6 x 62°5) (1 —0'003546) i 
=l100 X (136 X 6'25) (1 —0°018153) ; whence L, oo =11'855”, 
So the extra length of the cylinder which will sink in mercury when the 
temperature rises to 100°C, = (11'355 —11'176) =0"179”, 
33. Determination of the Coefficient of Apparent Expansion 
of a Liquid :— 


(i) The Weight-thermometer Method.— 


The following method in which a weight-thermometer is used is 3 
a convenient laboratory method for determining the coefficient 5 j 
of apparent expansion of a liquid. The common form of such a 


ce 
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thermometer consists of a glass-bulb ( Fig. 21) having a bent capillary 
stem drawn out of a narrow nozzle. 


A glass tube of suitable size and material is taken. It is, at first, 
carefully cleaned and then dried. By blowing, a bulb having A 
capillary stem of the types shown in Fig, 21 is then mado. The 
wt.-thermometer so constructed is then carefully weighed empty (w 
gms.). It is then completely filled with the given liquid by dipping 
the nozzle inside the liquid and alternately heating and cooling 
the bulb. With the nozzle still inside the 
liquid the rest of the bulb is kept immersed 
for sometime in water in a tub at the room 
temperature. After the contents have 
attained the steady temperature (say t1°C.) 
of the water which is recorded by an ordi- 
nary mercury thermometer inserted in the 
water, the bulb is taken out, wiped dry, and 
weighed again (wy gms). The bulb is again 
put under water in the tub with the nozzle 
now projecting outside. The water is kept i 
well-stirred and gradually heated until a Fig. 21—Woight- 
suitable steady temperature, (say ¢2°C.) is Thermometer 
attained as indicated by the inserted thermometer. The contents of 
the weight-thermomter now have attained the raised temperature 
of the bath. As the temperature is raised, the liquid inside the weight- 
thermometer expands and some of it is continuously forced out until it 
reaches a steady temperature. The thermometer is now removed 
from the bath, allowed to cool and finally brought to the room 
temperature by dipping it inside water as was dono previously. It 
is then removed from the bath, wiped dry, and weighed again (we 
gms.). The residual liquid in the bulb however, contracts to a smaller 


volume due to cooling. 


Calculation— 


Mass of the liquid filling the thermometer at t,°0. 
=w,-w= my, gms, (say), 


Again, mass of the liquid filling the thermometer at t, °C. 
= Wg W = Mg gms. (say). 


Neglecting the expansion of the weight-thermometer itself, it is 
evident that the volume occupied by m, gms. of the liquid at ,°C. 
is the same as that occupied by m , gms. of the liquid at °C. Now 
the volume of mı gms. of the liquid at t,°C. equal to m,/P c.c, where 
P=density of the liquid at #,°C. in gms./ec. So this is also 
the volume occupied by Mme gms. of the liquid at t2°C. But the volume 
of ma gms. of the liquid at £,°C. is Ms/p c.c. So we find that a mass 
of me gms. of the liquid, when heated from t4°0. to te"O., apparently 
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expands through (m,/P —mz/°). In other words, the exff. of apparent 


My/°—mMa/P_ _ M1 -Mma 
72 x (te ts) Malta tı) 


expansion of the liquid, ”a = 


_ mass of liquid expelled on heating 
mass remaining Xx rise of temp. 


Since the ccflicient is obtained in the expt. from different weights) 
the method is known as the weight-thermometer method. The 
method is not suitable for volatile liquids. 


Absolute or Real Expansion.—The ccefticient of absolute or real 
expansion of the liquid can also be calculated in the following way 
from the above data :— 


Let ta-tı=t. Then V2=V,{1+7.t}, where 7 is the coefficient of 
cubical expansion of glass, and d,=ds{1+7;.t}(vide Art. 82), where 
Y, is the coefficient of absolute expansion of the liquid. 

p my Vad, _Vadel1+Vrt}_1+7rt. 
Be ea a rears Vado {l+7.ih IFF 
Or, Met Mert =m, +m, Yt, 


EES ths My 
Me.t Mg 
If only the apparent expansion is required, 7 should be neglected 
and the coefficient of apparent expansion becomes, 
mı- ma 
Mga Xt 


mı -m 
| or, Myr =A + m7 5 oy Yr= 


Ya= 


Notes.—(1) Because in the above experiment weights (and not 
volumes) are taken for the determination of the coefficient of expan- 
sion, it should not be thought that the coefficient of expansion is equal 
to the increase per unit mass of the liquid for 1° rise of temperature. 


(2) The above instrument is called a weight-thermometer, because 

by knowing the cosfficient of apparent expansion of a liquid and by 
finding the weight of liquid expelled at the higher temperature we can 
determine an unknown temperature. 
3 Examples,—(1) The mass of mercury overflowed from a weight-thermometer 
is 5'4 gms. when heated from ice to steam point. The thermometer is placed 
in an oil bath at 20°C. On heating the bath, 8°64 gms. of mecury flow out. 
Determine the temperature of the bath. 

Ans. The mass’ of mercury overflowed for (100—0)°C.=5'4 gms. 

The mass overflowed for 1°C,=5:4+100=0-054 gm. 
So for the overflow of 8-64 gms. of mercury, the rise of temperature of oil 
8'64 5 
bath = rosa 160°C, 
Hence the actual temperature of the bath=160+20=180°C. 
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(2) A weight-thermometer weighs 40 gms. when empty, and 490 gms. when 
filled with mercury at 0°C. On heating it to 100°C., 6'85 gms. of mercury escape, 
Calculate the coefficient of linear expansion of glass, the coefficient of real expansion 
of mercury being 0:000182. 

dns, Mass of mercury in the thermometer at 0°C,=490—40=450 gms, 

The mass of mercury left in the thermometer at 100°C, 

=450—6'85=443'15 gm. 
The coefficient of apparent expansion of mercury 
fa BSB 
* 443'15(100 —0) 

Hence, the coefficient of cubical expansion of glass=coefficient of 

expansion of mercury—coefficient of apparent expansion of mercury, 
=0°000182—0:000155=0-000027. 
The coefficient of linear expansion of glass=0-000027+3= 0:000009 

(3) If the coefficient of apparent expansion of mercury in glass be xh 
what mass mercury will overflow from a weight-thermometer’ which contains 
400 gms. of mercury at 0°C., when the temperature is raised to 90°C? 


=0°000155. 


(C. U. 1930) 
ma =m, 400 =m 
Ans.. We ha CS Eai 1 lg i Eg 
ye tity (bay) O 8585 m(90-0) 3 
whence mg osgo = 39453. 


The mis of mercury expelled =m o -mt =400 —=894'53 = 5'47 gms, 


(ii) Dilatometer or Volume Thermometer Method.— A Dila- 
tometer (Fig. 22) consists of a glass bulb with a graduated stem of 
small bore leading from it. It is used as follows: 
Weigh the dilatometer empty. Let this be w, gms. 
Introduce mercury in the tube to fill the bulb anda 
part of the stem up to the zero mark A, Weigh again, 
and let this weight be ws. Put in more mercury to fill, 
say, up to B, the length AB, being Zems. Weigh again. c 
Lot this third weight be ws gms. Then the weight of 
mercury occupying 1 ems. of the stem =(w, — Wa) gms. 


=say, Mı gms., and the weight of mercury in the bulb 8 
and stem up to the zero mark=(wy-w,) gms.=%mg 
gms., say. £ 


-. Me gms. of mercury would occupy (?* x toms. of 


the stem, and the volume of the bulb up to the zero 


math Gehe stem = 2 x 1x æ (if a sq. cm.=area of Te eae 
1 


cross-section of the bore of the stem). 


The bulb and part of the stem of the dilatometer is then put in a 
water bath, the temperature ¢, of which is measured, and the length 
lı of the mercury height, at temperature ¢,, is read accurately, 
Increase the temperature of the water bath up to t,°C., and read the 


level of mercury which is say, at C now, the length AC boing le cms. < 
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Then the volume expansion of (J,-1,) cms. of mercury column for 
(ta - ¢3)°C. 


=(l,-11)*a@c.c., and the original volume = [2x Ixa ) +hia } 


1 
“. Mean coefficient of expansion between ¢,°C. and ta°0. 
increase in volume 
Te Original volume x rise in temperature 


r eno ea 


(Mxixa+ta Jes -t) (= x14; ) a-t) 


Mı 


Note.—The calculation will be easier if the density of the liquid is supplied 
(vide example 2 below). 

Examples.—(1) A long glass tube of uniform capillary bore contains a 
thread of mercury which at 0°C. is one metre long. At 100°C. it is 165 mm. 
longer. If the average co-efficient of volume expansion of mercury is 0°000182, 
what is the coefficient of expansion of glass? (C. U. 1910) 


Increase in volume 


Ans. Coefficient of expansion of mercury = Original volame X tise in temp, 
Bi + 


16°5 cm. Xarea of the cross-section ; 
100 cm. Xarea of cross-section X 100 e000 aoe 
Coefficient of cubical expansion of glass=coefficient of absolute expansion 
of mercury—coefficient of apparent expansion of mercury (vide Art. 31) 


= 0'000182—0-000165=0-000017. 


«a Coefficient of linear expansion of plague 20001? = 0-00000656. 

(2) A glass bulb with an accurately graduated stem of uniform bore 
weighs 30 gms. when empty, 365 gms. when filled with mercury up to the 16th 
division, and 356-15 gms. when filled up to 1101 division. Find the mean coeffi- 
cient of apparent expansion of the liuqid which fills the bulb and the stem 
up to the zero of the graduations at 0°C., and up to the 80th division at 10°C. 
(The density of mercury is 13°6.) 


36. «186° 


Ans. The capacity of the bulb and 16 divisions of the stem = 20 280 = 826 


_—_856'15—356 O"15 

13°6 x (110-16) 136x94 “°° 

Hence the capacity of the bulb with the part of the stem below the zero 
326 _ 015x16 15320°8 


and the internal volume of each division = 


mark= 75g 196x94 196xa7 ©“ Thus the initial volume of the 
ARY 15320°8 7 

liquid= igoxay S% and the total apparent increase of volume for 10°C. 
80x015 | 

18'6x94 °" 


Hence the coefficient of apparent expansion of the liquid. 


80.x0'15 | _15320:8 d 
(i xg4 | 136 an) [520 =0:00003915 
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(3) The coefficient of absolute expansion of mercury is 000018 ; the co» 
efficient of linear expansion of glass is 0°000008, Mercury is placed in a graduated 
tube and occupies 100 divisions of the tube. Through how many degrees the 
temperature of the tube must be raised to cause the mercury to occupy 101 
divisions ? 

Ans. Let t be the number of degrees; then the length of the mercury 
column for :* rise of temperature = 100(1 4-0°00018¢). 


This becomes equal to 101 divisions of the tube after expansion. .". I division 


of the tube Be tit t 0000184), But 1 division of the tube becomes (1+0" ú 
divisions at £. 


4 “006 
100(1 40000184 1 4-0°000008¢ ; 


1 1 
0'018 —0°000808 ~0°017192 


_ 34. Exposed Stem Correction for a Thermometer :—The 
correction for the exposed portion of the stem of a thermometer will be 
best understood by the following example :— 


= 582°C. 


whence ¿= 


A mercurial thermometer is placed with its bulb and lower part 
if the stem in u liquid and indicates a temperature tO. The upper 
portion of the stem containing 'n' division of mercury column is in 
air at 0°0. Find the true temperature of the liquid. 


The true temperature T° of the liquidis that which the thermo- 
meter would indicate, if completely immersed in the liquid. Then n 
divisions of the mercury column, now at °C. would beat 20, and 
at that temperature would occupy nfl+?(Z'=6)t divisions, where Y is 
the coefficient of expansion of mercury in glass. 


Tho corrected length of the exposed portion would be greater than 
the actual length by f1+9(7'— 6)}—n=n(7—o)y, 

Hence, the truo temperature of the liquid. 7=t-+-n(7'—9)y. 

Example.—The bulb of a mercurial thermometer and the stem up to the 
zero mark are immersed in hot water at 100°C., while the remainder of the stem 
is in the air at 20°C. What will be the reading of the thermometer ? 

Using the formula given already wo have 7'=100, n=t, Om20, ym "000165 

100 = ¢ + x (100 ~20) x 0°000155 = 1°0124t or, £=98'77°C, 


» (35. Coefficient of Absolute Expansion—(a) Dulong and 
Petit’s Method :—In 1816 Dulong and Potit developed a method of 

determining the coaflicient of reil expansion of a liquid, i.e. in which 

the expansion of the containing vessel has no effect on the observations 

from which the expansion is to be calculated. : 


The method consists in balancing the pressura of one column of 
mercury at a certain temperature against another column of the said 
liquid at a different temperature. Since pressure is measured by the 
force per unit arer, it is independent of the cross-section of the liquid. 
column, že. ihe method is independent of the expansion of the tubes 


3 koi: TiS 
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containing the liquid. Sothe method gives the coefficient of real or 
absolute expansion of the liquid. The liquid taken by them was 


mercury. 


The apparatus consists ofa U-tube filled with 
the liquid (Fig 23). One limb of the U-tube is 
kept cool by packing one of the jackets with 
melting ice, while the temperature of the other is 
increased and maintained by passing steam through 
the jacket. A piece of blotting paper constantly 
soaked with water is placed on the horizontal 
portion in order to prevent a flow of the liquid 
from one limb to another. Thus two different 
temperatures are maintained in the liquid in the 
two limbs. 


Let ht and ho be the heights of the two liquid ~ 
columns at tC. and 0°C. respectively. og 
Sa 
Let do be the density of the cold liquid of the 
Fig. 23—Dulong and column, and dt be that of the hot column. Then 
Potit’s Apparatus. the pressure exerted on the horizontal portiom 
of the tube by the cold column=hodog+ P, and that by the hot column i 
=ħdig + P, where P=atmospheric pressure. But, since the two 


liquid columns are in equilibrium, 


h ie 
we have hodog=Iudig or Se =F But do=de (L+yrt) where YF 7 


dt 
is the coefficient of real expansion of the liquid. K 
. Peko. _ht—ho gi. 
A or yeaa i wD 


Laboratory Experiment.—The above experiment can be done in 
a laboratory by circulating water at the room temperature through 
the left-hand jacket, instead of melting ice. The formula (1} should ~ 
then he slightly changed as follows :— ss 
~ Tet hy and ha be the heights of the coldand hot columns, and 
ta, ts their temperatures. Ifd,, da be the densities of the cold and 1 
hot columns respectively, we have, liydig=hedag ; i 


BRL aa, 3)12> ; 
or, hı PETA het pna. = do dı(l+7rtı)] ; 
or, ha(l+Yrti)=hi(1+7rta); Oor, ha thevetsa=hat hs! rts» 
hay 


Oba e hyte—hats ` 


Sources of error.— 

(1) For liquid having small coefficients of expansion, such as | — 
mercury for which the value 0'00018, the difference in height |” 
between the.two columns will be small, and with the apparatus des- Hi 
cribed above it will not be an easy task to measure it very accurately. 
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A cathetometer telescope may, however, be used, instead of a metre 
scale, for greater accuracy in this respect. 

(2) Some parts of both the columns are always outside the 
jacket ; temperatures of these exposed parts are not known definitely ; 
nor are they taken into consideration in the calculation. 

(3) The blotting paper moistened with water placed on the 
horizontal part of the tube is used to prevent convection currents but 
it fails to do so completely, and so the hot and the cold liquids will 
mix up to some extent. 


(4) Temperature of the mercury heads in the two limbs wera 
different. This introduces a difference in level due to inequality of 


surface tension. 


[Note-—The above method is independent of the cross-sections 
of the two columns and so the diameters of the two limbs may be 
different without in any way interfering with the result.) 

In the modified actual arrangement used by Dulong and Petit, 
the upper ends of the two yertical limbs were again bent at right 
angles towards each other and were placed side by side for conyenience 
of reading. A plane mirror placed behind these two tubes was used 
to avoid parallax. In Dulong and Petits apparatus, the top of the 
hot column of mercury had to project above the bath in order to be 
visible and hence did not attain the correct temperature. The two 
mercury surfaces also had different curvatures because the surface 
tension of mercury is much less when hot than when cold, and this 
difference in curvature was difficult to allow for. Regnault 
subsequently removed the above-mentioned defects in a highly 
improved apparatus.] 

(b) Indirect Method.—Knowing the coofficient of absolute 
expansion of mercury by Dulong and Petit’s method and the coefficienti 
of apparent expansion of a liquid and also that of mercury by the 
weight thermometer or any other method, the coefficient of cubical 
expansion of the material of the weight-thermometer can be obtained 
and also the coefficient of absolute expansion of the Jiquid as shown 
below. 


Suppose the co-effs. of apparent expansion of mereury and 
glycerine are determined by the same weight-thermometer. 


Let yr” = Coeff. of real expansion of mercury. 
ye, » apparent i j ” 
y= » real A » glycerine 
Yor » apparent = ,, nie eat 
Ve TN » cubical ‘s „ container, 

We know, %"=ya"+7 Re w. (1), and 
Yri =Ya1 +7 Use ps 


From (1) and (2), v7 =Va%+(7e"- ya”) Knowing 7 and 
experimentally determining 7a” and Ya’ by the same weight-thermo- 
meter, r” can thus be indirectly determined. 7 for the container 
can be calculated either from (1) or (2). 


Vol. I—23 


* 
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(c) Regnault’s Method.—Regnault’s apparatus consists of two 
vertical iron tubes AB and CD (Fig. 24) joined at the top by a 
horizontal cross-tube AD which has a top hole L. Suppose one of 
the tubes say, 4B, is placed in a water bath at the room temperature 
t, and the other tube OD is immersed in a hot bath whose tempera- 
ture can be maintained constant at any desired temperature te. For 
uniformity of temperature, stirring arrangements are provided in 
both the baths. The horizontal cross-tube BC which connects AB 
and OD at the bottom is interrupted in the middle at Æ and 
G where two yortical glass tubes HF and GJ are joined and 
connected with each other. The inter-connected tubes EF and GJ 
are connected through a side tube 
P to an air-reseryoir whose pres- 
sure can be modified by an air 
pump. The tubes HF and GJ are 
placed inside a common waiter 
bath at the room temperature. 
Mercury is poured into AB and 
CD and cold air is forced in 
through the pipe P from an air- 
reservoir by means of a pump 
whereby the level of mercury in 
Fig. 24—Regnault’s Apparatus AB and CD becomes equal, 

any excess mercury flowing out 

through the opening Z. The pressure on the top of mercury in the 
columns ZF’ and GJ is the same and equal to the pressure of air in the 
reservoir. Regnault measured the temperature of the hot column 
CD by immersing-into the hot bath the bulb of an air thermometer 
and that of the cold column AB by means of a mercury thermometer. 


Theory.—Suppose P, and Ps are the densities of mercury at 
temperatures ¢, and ¢g respectively. Now the pressure on the top 
of the mercury column EF =(H-h4)?1.g and that on the top of the 
column GJ= H.P 2.9g — ha.P19, and these pressures are equal. » 

s (H-hi)Pig= HPag- heP: g5 
or, (H-h, tha) = EPs; 


Po H-hi Eha i H- (hiha) 
= pi ee SE A 
Sa H o 
But Pe =P4f1-7z(t2-tı)}, where fr= Coefficient of absolute 
expansion of mercury. ^ Pa/P4 =1-7r(te-t;) TARE) 


. H-(h,—h 
fo) Ue ta =) Zaha), 
À = hy he 
that is, Yr His -t) 
Advantages over Dulong and Petit’s Method.—In Dülong and 
Petit’s apparatus the temperatures at the different parts of the 
hot or cold column were uncertain, for the baths in which they were 


, from (1) and (2) 


~ 
oe, 
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Placed could not be stirred. Regnault placed them in baths which 
could be constantly stirred, and moreover the hot column could 
be given any desired constant temperature. In Dulong and Petit’s 
method, the heads of the mercury in the two comparing columns 
being at different temperatures, the effects of surface tension on 
them were unequal resulting in an error introduced in the observed 
difference in heights. To remedy this defect, Regnault brought 
the heads of the two columns close together and placed them at a 
constant temperature in the same bath. 


Moreover, Regnault’s determination of the temperature of the hot 
column was more accurate, as it was done with an air thermometer. 


35(a). Callendar and Moss’s method of determining the co- 
efficient of real expansion of mercury :—A simple description of 
the method is as follows: AB and 4'B' are two vertical tubes each 
about two metres long, 
bent twice at right angles 
having portions BC and 
B'O' horizontal, and por- 
tion AA’ narrowed to 
smaller diameter in order to 
reduce circulation of mer- 
eury from one vertical tube 
to the other [Fig. 24 A(a)]. 
The tube system contained 
mercury. AB is surrounded 
by a water jacke which 
is cooled to 0°C. by means 
of ice packed in a jacket 
M around it, the water in 
the jacket being kept in 
forced circulation with the 
help of a mechanically 
driven paddle. A'B’ is 
surrounded by an oil bath, 
the oil being electrically 
heated by means of an 
wire loop Q immersed in 
it and the oil also kept in 
forced circulation caused by 
a second paddle R. P and 
P' are pt-resistance ther- 
mometers, the bulb of each 
of which extends through 
almost the whole length of 
the bath. They indicate 
respectively the mean tem- 
peratures of the cold and 


=. % 


ss 
. 
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the hot bath accurately. The portions OD and C'D' of the two 
tubes were also at 0°C. (arrangement not shown in the figure). 
The portion BO and BC’ of the tubes are made strictly 
horizontal where they project out from the baths. In the actual 
apparatus of Callender and Moss there were six pairs of hot and cold 
columns placed in series, the successive columns being alternately hot 
and cold. Inorder that heat may not pass along the horizontal tubes 
each of the two vertical array of tubes is silver-soldered to a massive 
brass block kept at 0°C. by means of ice-cold water flowing 
continuously through a tube passed through it [Fig. 24A(d)]. The 
assumption is that the temperature is 0°C. at all points except in 
the hot bath. 


1- Callendar, amd. Moss measured the longer heights with a carefully 
calibrated steel tape and difference DiD, between the mercury tops 
in the hot and cold columns of mercury with.a cathetometer. 


Theory.— Let Ht and Ho be the lengths of A'B' and AB at 

temperatures ¢°C.and0°C. Suppose hoand h'o to be the lengths CD 

` and C'D' when both of these columns aro at 0°C.. Then the pressures 

at A and A’ will be P+ghoPo+gHoPo and P +gh'o:Po+gHiPt, if Po 

and Pt are the densities of mercury at 0°C. and £0. and P=atmospheric 
pressure. They being equal, we haye, 


y ; Po 
Pol Ho + ho) = HiPt + Poh'o = Ht x Ema Poho where y=co-off. of 


absolute or real expansion of mercury. 


. ps Hi- Hotho- ho, ; ' d iy 
oY [Ho (ho - Wo] x1 DETA The quantity (h'o — ho) is the differ- 


ence in levels DD’. 


The mean value of yr between 0°O. and 100°C, as determined 
by Callendar was 1'82 x 1074 per °C, and it increased as the tempera- 
ture increased, 


36. Apparent Loss in Weight of a Solid dipped in a Liquid 
at Different Temperatures :— A solid of volume V c.c. and known 
weight is weighed in the liquid at 0°C. Let the apparent loss in 
woight be Wo. It is then weighed again in the liquid raised to 
temperature ¢°C., and let the apparent loss in weight be We. 


Let da de=densities of the liquid at 0°C. and #°C. respectively ; 
7=mean coefficient of cubical exprnsion of the solid between 0°C. 
and ¢°O. ; g=acceleration due to gravity. 


We have, according to Archimeies’ principle, weight of the 
displaced liquid at 0°C. = Wo=V x do x g aie (1) 
where V is the volume of the solid at 0°C. and. ‘s0 the volume of the 
liquid displaced at 0°C. 
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When the temperature increases to tG., the volume of the solid 

becomes= VL +. yi) which is also the volume of the liquid displaced 
te oe cn ae weight of the displaced liquid at t°C., 

We ={V(L+ ,t)}de Xg TA Aia) 


Vdog do do 
V(L+yt)deg a(it yt) do 1 — èt) (1+ yt) 


From (1) and (9) 


1 
izes z ke E su) 
1-8t+ t= 8,1? 


where d=mean coeff. of expansion of the liquid between 0°0. and t0. 


So the loss in weight Wz, at a higher temperature, is less than 
Wo, the loss at the lower temperature, since 8>7. Therefore, the 
weight of the solid in the liquid will increase with rise of temperature 
of the liquid. 


Coefficient of Expansion : (Hydrostatic Method).— 


Knowing the value of 7, we can also apply this method to deter- 
mine the coefficient of expansion of a liquid. 


Wo _1+8t 
We have, from (8), —— Wi tyt j 
Fo- -Wi 
or, d= Wat + Thy wee ve (4) 


Example.—4 piece of glass weighs 47 grams in air, 31°53 grams in water at 
4°C. and 31°75 grams in water at 60°C. Find the mean co-efficient of cubical 
expansion of water between 4°C., and 60°C., taking that of glass as 0°000024. 

(GU. 1922) 


Ans. Wt. of displaced water at 4°C,=47—31'53=15'47 gms. 

Volume of displaced water=15-47 c.c. and this=volume of glass at 4°C. 
Again, the volume of glass at 60°C.=15'47 { 1+0:000024(60—4) } 

=15'49 c.c.=volume of displaced water at 60°C. 
Wt. of displaced water at 60°C.=47—31°75=15'25 gms. 

Density of water at 60°C.=15'25+15;49, 
Now, if d=density of water at 4°C., d’=density of water at 60°C. ; 
y =co-efficient of cubical expansion of water, 


15°25 


sag 4 1177 (600-9; 


we have d’=dj1—7(60—4)} ; or, 
_ Whence 7 = ‘000276, since, d=1. 


[N.B. The value of the coefficient of expansion can also be determined by 
using Eq. (4), Art. 36 (Hydrostatic Method). } 


be 
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37. Anomalous Expansion of Water:—The expansion or 
contraction of water presents inter- 


diminishing. 


VOLUME OF WATER 


0 S 10 15 creases. 


o Note.—Only pure water has got the 
TEMPERATURE (°C) maximum density at 4°C.; any impurity 
7 dissolved in water lowers the tempera- 

Fig. 25 ure for the maximum density. 


38. The Constant Volume Dilatometer :—A simple experi- 
ment to measure the change in volume of water with temperature near 


about 4°C., can be carried out ina glass vessel, 
whose capacity must be kept constant by some 
device. This can be done by taking a dilato- 
meter [Fig. 26] with a graduated stem S of 
uniformly narrow bore and filling it with mercury 
M whose yolume should be about one-seventh 
part of the total capacity of the dilatometer. The 
coefficient of expansion of mercury being about 
seven times that of glass, the change in volume 
of the glass dilatometer for any change of tem- 
perature will be equal to the change iu volume 
of the mercury, and so the volume of the vessel 
unoccupied by mercury will remain constant. 
In order to measure the change in volume of 
water, the dilatometer W is filled with pure 
water up to a certain point in the stem, and then 
it is placed ina water bath maintained at 0°C. 
The volume of the water of the dilatometer 
is noted after sometime, when the position 
of the water column in the stem becomes 
steady. The temperature of the bath is noted 
by a sensitive thermometer. The temperature 
is now gradually raised and the volumes of 
water at the corresponding temperatures are 
noted from the positions of water level in the 
stem from which a graph is obtained as in’Fig. 25, 


esting peculiarities. If a mass of 
water at any temperature, say 
10°C., be taken and allowed to cool, 
its volume will gradually diminish 
until it reaches the temperature 
4°C., when with further cooling 
the volume will increase instead of 
The behaviour is 
peculiar to water. The volume of 
water at 40. being the least, it 
has got the maximum density at 
that temperature 
curve also shows that on further 
cooling the volume of water in- 


(Fig. 25). The 
Fa 


M 


Fig. 26—Constant | 
Volume Dilatometer.. - 
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Ig is evident from the graph that as the temperature is increased 
from 0°C., the volume of the water at first decreases, reduces to 
minimum at 4 C. and then increases with further rise of temperature. 
At £0. the volume of the water being minimum, its density is 
maximum, 

Example,—What volume of mercury must be placed in a glass dilatometer to 
keep the volume unoccupied by mercury constant at all temperatures? The co- 
efficient of cubical expansion of mercury is 000018 and the coefficient of linear 
expansion of glass is 0°000009 per °C. (cf. G. U. 1952) 

Ans. Let the yolume of the yessel be V c.c. and let there be a rise of 
temperature of t°C, The expansion of the vessel for t°C.=Vx3x0000009 xt. 

If V, c.c. of mercury be used, its expansion will be=V,x0'00018 xt. 

‘These must be equal in order to have the volume of the vessel unoccupied 
by mercury constant at all temperatures. 


V, x0'00018xt=V x8 x0"000009 xt, whence V, =a". 


Hence the volume of mercury required is such that it must be fth (i.e. 
approximately }th) of the volume of the dilatometer. 

39. The Density and the Corresponding Volume of 1 gram 
of water at Various Temperatures :— 


ee M 
Temp. (Centigrade) ene) iiss 
0° (ice) 0°91670 1°09081 

0° (water) 0°99987 100013 

ae 0799993 1°00008 

4° 1°00000 1°00000 

10° 0'99973 1°00026 

20° 0°99823 1°00180 

40° 0°99220 1°00780 

60° 0°98320 1°01700, 

80° 0°97180 1°02870 

100° (water) 0°95840 1°04820 

100° (steam) 07000599 1°67000 


a 

The coeficient of expansion of water varies from 0°0001 at 10°0. 

to 0°0006 at 80°C. Its coefficient is 0 at 4°C., and negative from 4° 
at 0°0. 

40. Hope’s Experiment :— The following experiment performed 
by T. O. Hope in 1805 shows that water attains its maximum density 
at 4°C. 

Expt.— The apparatus [Fig. 27(a)] consists of a tall metallic 
basin A having a circular trough fixed around its middle. There are 
two openings in the wall of the basin, one near the top and the other 
near the bottom, and they are closed by corks through which thermo- 
meters, t; and te are inserted horizontally. The basin is filled with 
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pure water precooled to a temperature of about 10°C., and the central 
trough is well packed with freezing mixture of ice and salt (temp. 
—15°C, to —20°0). The central part of the water column is thus 
cooled. 


While the cooling proceeds at the initial stage both the thermo- 
meters are found to give the same temperature. Tho reading of the 
lower one then, falls gradually and becomes stationary at 4°C. after 
atime. During all this time the upper thermometer remains nearly 
stationary at its initial reading of 10°C., or it may rather rise slightly 
if the room is much warmer. After a time the upper thermometer 
also begins to fall and gradually comes to 0°C., at which it remains 


Ty 
2 
á 
= UPPER 
= 
È 
TIME 
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Fig. 27—Hope’s Apparatus. 


steady. Small crystals of ice may at this time be found to float on 
the surface of the water, if the experiments is continued for a 
sufficiently long time; the lower thermometer will, however, remain 
steady at 4°O. all the while. 


Explanation.—The water in the central part of the vertical 
column, as it cools, becomes denser and sinks towards the bottom, 
lowering the temperature along its course ; at the same time warmer 
water at the bottom, being lighter, rises up, gets cooled and sinks 
down again. Thus, by convection, there is lowering of the tempera- 
ture of the water at the bottom, and the cooling is continued till the 
whole mass of water near and below the middle is cooled down to 
4°0. the warmer water in the upper part, being lighter than that 
below, remains unchanged. 


As cooling proceeds below 4°C., the water below the middle 
expands and this cold water, being less dense now rises instead of 
sinking. It cannot rise, however, to the top, for itis heavier than the 
water at the upper part. With the progress of cooling, the water in 
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the central part, therefore, gradually falls and comes to 0°0., when 
ice begins to be formed. Small crystals of ice tend to rise to the 
surface, melt and cool the water in the upper part, causing a rapid 
fall of temperature there. So, now the upper part of the water comes 
to 0°C., as indicated by the thermometer tı; all this time the water 
at the bottom remains at 4°C. Orystals of ice formed in the central 
part float up to the surface being lighter than the water there. 


Densest liquid occupies the lowest position and as the lower 
thermometer indicates a constant temperature of 470, ib is 
concluded that water attains its maximum density at 4°C.; otherwise, 
it may be stated that water at 4°O. expands whether it is heated or 
cooled. 


The reading of the two thermometers, entered in a graph, will 
be as represented by Fig. 27(b). 


41. Practical Importance of Hope’s Experiment :—The fact 
that water has a maximum density at 4°C. and expands both at higher 
and lower temperatures, has a great practical importance in nature. 
If the density ċontinued to increase until 0°C. was reached, ponds 
in cold countries would freeza solid from top to bottom in severe 
frosts, and ultimately the whole of a pond would be a mass of ico, 
and that would destroy the aquatic animal life. But that does not 
actually take place and what really happens can be explained as 
follows :— 


Let us consider a pond where the air above the water surface is 
below 0°C. (Fig. 28). The water on the surface, on cooling, becomes 
denser than that below and gradually sinks downwards. » This 
proceeds until the water temperature falls to 4°C. As the surface 
water cools below this, it becomes less dense than the „water below, 
which is at 4°C., and is the densest. It, therefore, remains at the top, 
though cooling more and more, and finally freezes into ice. As ice it 
also remains at the top, for ice is lighter than water. Tho layer of 
ice formed acts as a thermal barrier and does not allow much heat to 


pass from the water below to 
eee a sandactor ot ANELON reaver or yy, 
SS WU ANN 
heat. Extremely slowly the PY, —— = 
thickness of the layer of ice re. A 
develops, the rate of heat F 
transfer from water being very 
small. The temperature of the 
deeper layers of the water in 
the pond remains nearly at 4°C. Fig. 28—Frozen Water Surface in a Pond. 
and falls gradually to 0°C. 
upwards till the layer of ice is reached. The aquatic life in the water 


js thus preserved. 
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42. Correction of Barometric Reading :—The pressure exer- 
ted by a column of zero-degree-cold pure mercury (density = 13'596 
gms./c.c.), 76 cms. in height, at the sea-level at 45° latitude (where 
g= 980'6 cms./sec.*) is called the Standard pressure. If a comparison 
is to be made, the observed barometric height at a place should be so 
transformed as to correspond to the above standard conditions. But 
before the observed height is transformed to standard conditions, it 
has to be corrected, because the scale with which the height is 
measured may be at a different temperature from that at which it is 
graduated. 


Temperature Correction for Scale.— 


Suppose the scale is graduated at 0°C. At higher temperatures, 
each division of the scale will extend in length. So the observed 
height, say ht, at a temperature t C. as measured by such an expanded 
scale will be smaller than its real value. Let ko be the correct height, 
had the scale been maintained at0°C. So, ho=hi(1 +t), where 
& = coeff. of linear expansion of the material of the scale. 


Transformation of Corrected Observed Height to Standard 
Conditions.— 
(a) Transformation to zero-degree-cold mercury— 


The corrected height h, is a column of mercury at tO. To 
transform it to zero-degree-cold mercury with which the height will 
be, say H, we have 


‘Hido=hodt, where do and d are the densities of mercury at 0°C. 


ond FO, i 0. Haho Sie ho S), 
do do 


expansion of mercury. 


where: 7=coeff. of cubical 


<. H=holl - yt) =he(1+ -<t)(1 - yi), after applying the temperature 
correction for the scale. 
= wil- (7 - <)tt, approximately. 

(b) Transformation to the sea-level at 45° latitude — 

The value of g at a place depends on the latitude of the place 
and its elevation above the sea-level. If g=accl. due to gravity at 
the place of observation, and go, that at the sea-level at 45° latitude 
(g=980°6 cms./sec.*), and if the corrected height H measured by 
zero-degree-cold mercury, on transformation to sea-level at 45° 
latitude becomes Ho, then 


HoPogo = HP og ; 


or, Ho= HL =mil- (7 -a)ltx L 
go go 
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* Note.—7 for mercury=0°000182 per 1°C., 4 for brass = 0'000018 
per 1°C, ; 4 for glass = 0'000008 per 1°C. 


Hence for a barometer with brass scale, we have as follows : 


True height = observed height x (1-0 0001641) 50, Gi 
and for a barometer with glass seale : 


True height = observed height x (1 - 010001741) aoe 


Examples.—(/) The glass scale of a barometer reads exact millimetres at 
0°G.. The height of the barometer is noted as 763 divisions at 18°C. Find the 
true height of the barometer at 18°C. (The coefficient of linear expansion of 
glass= 0000008 ; coefficient of absolute expansion of mercury= 0°000180) 


Ans, From Art. 42, we have true height H=h{1-(y-«)t} 
=763 į 1—(0:000180—0:000008)18 } =760°637 mm, 


(2) A barometer provided with a brass scale, which is correct at 50°F., 
reads 754 mm. at 40°F. ; what will be the true height at 32°F, (cf, Utkal, 1951) 


Ans. The coefficient of linear expansion of brass is 0000018 per 1°C., so tha 
value for 1°F., will be (5 x0°000018)=0:00001 and similarly, the coefficient of 
cubical expansion of mercury for 1°F.=0°0001. 


Let tı be the lower temperature at which the height should be corrected, 
ta the observed temperature, and tą the temperature at which the graduations 
(It should be noted that here the barometer is corrected at a higher 


are correct. 
temperature), 
hits (1+ei(t, —t1) -lis -4,)1) 
We haye, hu = fi tolls: ETP a 
hh, ¢ altsolt+a{(40 ~ 82) — (50 —82)}] 
igh 1+77r(40 —82) 
754414-0°00001( —10)} 4 
= T0000 xs) -758°82 mm. 


(3) The brass scale of a barometer was correctly graduated at 15°C. At 
what temperature the observed reading will require no temperature correction ? 


Ans, Lettbe the required temperature, then ng = tl Ocoee 
(Coeff. of linear expansion of brass=0'000019), Here, we have ht=he 
1+0°000181¢=1-+-0;000019(t—15); or, t=—1:76°C. 


43. Henry Victor Regnault (1810—1878) :—A French scientist 
who began his life as an assistant in a pharmaceutical shop. He 
had to work hard at the day time. Instead of taking leisure at night 
he used to devote his time to private studies on elementary Chemistry 
and Medicine, His poverty could not separate him from his studies. 


F 
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In 1832 he started for Paris where he somehow got admitted to the 
Ecole Polytechnic. From this institute he passed out with distinction 
in 1836 and accepted an appointment as a Professor at Lyons. Though 
he began his scientific career as an Organic Chemist, by 1840 his name 
became widely known as a physicist too and he was offered the Profes- 
sorship of Natural Philosophy at his own Alma Mater, tho Ecole 
Polytechnic. His principal contributions to science belong to the 
domain of Physies. 


His name will endure for ever for his systematic researches on 
liquids and gases, eg., on the absolute expansion of mercury, density 
of water vapour, specific heats of gases, vapour pressures, humidity of 
air and velocity of sound. Regnault’s table of vapour pressure of 
water isan achievement of great practical importance. He designed a 
number of apparatuses for various types of laboratory measurements, 
such as those for the absolute expansion of mercury, constant pressure 
expansion of air, specific heat of gases at constant pressure, specific 
heat of solids, dew point, etc. which all bear his name and are univor- 
sally used, all over the world. 


44. Thomas Charles Hope (1766—1844):—A brilliant Edin- 
burgh graduate who first acted as Professor of Chemistry at the 
Glasgow University and then, after the death of Prof. Black, was 
appointed to the Chair of Chemistry at the Edinburgh University. He 
discovered Strontium in 1792. That the density of water varies and 
obtains a maximum value at 4°C. isa result of his researches and is 
a fact of outstanding practical importance. 


Questions 


1. Distinguish between real and apparent expansions in the case of liquid. 

Establish a relation between them and the expansion of the material of a vessel. 

(C. U. 1926, '30; Pat. 1927, '28, °30, '41 ; cf. All. 1944; G. U. 1949) 

2. When hot water is thrown on the bulb of a thermometer, the mercury 
column first falls and then rises. Why is this? 


8. The readings of two thermometers containing different liquids agree at 
the freezing point and boiling point of water respectively, but differ at other 
points of the scale, What inferences do you draw from this ? 


4. The coefficient of expansion of mercury is = If the bulb of a 


mercurial thermometer is 1 c.c. and the section of the bore of the tube 0001 sq. 
cm., find the position of mercury at 100°C., if it just fills the bulb at 0°C. 
(Neglect the expansion of glass). (C. U. 1916) 


[ Ans. 18 cms. nearly. ] 


5. Describe how to measure the absolute expansion of a liquid with the 
wt.-thermometer. A wt.-thermometer contains 43'218 gms. of liquid at 15°C., 
but only 42922 gms. at 40°C. The coefficient of linear expansion of glass is 
0:000009. Find the coefficient of absolute expansion of the liquid. 

[ Ans, Absolute coefficient=0:000303 per °C. ] 


———. 
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6. Describe with theory an accurate method for determining the apparent 
coefficient of cubical expansion of a liquid. How can the coeficient of real 
expansion be obtained from it ? (Utkal, 1951) 

7. The density of mercury at 20°C, is 13'546, and its coefficient of cubical 
expansion is 0000182. Find the mass of 500 c.c. of mercury at 80°C. Also find 
the volume of 500 gms. of mercury at this temperature. 


[Ans. 6699 gms. ; 373 c.c. ] 


8. The density of mercury is 136 gms./c.c at 0°C. and at 100°C, it is 
13°35 gms./c.c, Calculate the coefficient of absolute expansion of mercury, 
(Utkal, 1949) 


[Ans, 1°84x 10-*/°C.] 

9. The density of water at 20°C. is 0:998 gm./c.c, and at 40°C. it is (992. 
Find the coefficient of cubical expansion of water between the two temperatures, 

[ Ans. 00003/°C. ] 

10. Two scratches on a glass rod 10 cms. apart are found to increase their 
distance by 0:08 mm., when the rod is heated from 0°C. to 100°C, How many 
cc. of too much boiling water will a measuring flask of the same glass hold up 
to a scratch on the neck which gave correctly one litre at 0°C. ? 

[Ans. 10024 c.c. ] 

11. The coefficient of linear expansion of glass is 8x10 ~8 and the coefficient 
of cubical expansion of mercury is 1'8 x1074/°0. What volume of mercury must 
be placed in a specific gravity bottle in order that the volume of the bottle not 
occupied by mercury shall be the same at all temperatures ? 


[Ans. 4 of the vol. of the bottle, ] 
12. The apparent expansion of a liquid when measured in a glass vessel is 
0'001029, and it is 0001003 when measured in a copper vessel. If the coefficient 


of linear expansion of copper is 00000166, find that of glas 

[ Ans. 0:0000079. J 

13. A weight-thermometer contains 700 gms. of mercury at 100°C. What 
is its internal volume at that temperature? (Density of the mercury=13'6 ; 
coefficient of expansion =0°000182). 

[4ns, 524 cic. ] 

14, Calculate the coefficient of apparent expansion of mercury from the 
following data :— 

A mercury thermometer wholly immersed in boiling water reads 100°C. 
When the stem is withdrawn so that graduations from 0° upwards are at an 
average temperaure of 10°, the reading is 986°. (C. U. 1940). 

[ Ans. 0000157/°C. ] 

15. A wt.-themometer containing 100 gms. of mercury at 0°C. is surrounded 
by liquid in a bath when 4 gms. of mercury flow out. What is the temperature 


th if the apparent coefficient of expansion of mercury is 0:00018 ? 
ere oy di (East Punjab U. 1952) — 


[Ans. 281°5°C. ] 
16. A glass wt.-thermometer has a mass of 6'34 gms. when empty, and 
15381 gms. when filled with mercury at 0°C. If 2°08 gms. are expelled when it 


is heated to 100°C., find the coefficient of relative expansion of mercury in 


glass. (R. U. 1952) 


[Ans. 0000143 per °C. ] 
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17. What must be the radius of a cylindrical bulb of a thermometer of 
length 1 cm. in order that the distance between successive degree divisions be 
equal to 1 mm. The internal diameter of the capillary is 0l mm. and the 
coefficient of expansion of mercury is 0:00018. (M. B. B. 1952). 

[Ans. 0118 cm. ] 

18. Describe Dulong and Petit's method of determining the coefficient of 
real expansion of mercury with rise of temperature. Knowing the expansion 
of mercury, show briefly how you would find the expansion of another liquid 
between 0°C. and 100°C. (Pat. 1917.3 cf. 1942). 

19. A U-tube containing a liquid has two limbs maintained at 15°C. and 
100°C, respectively. On reaching a steady state the lengths of the liquid 
columns are 97 cms. and 102 cms. What is the coefficient of expansion of the 
liquid? Is this real or apparent expansion? Give reasons. 

[4ns. 000061 approx. ] 

20. In an experiment performed by Dulong and Petit’s method, the heights 
of the cold and hot columns of mercury are found to be 90°6 cms, and 922 cms. 
respectively. If the first column is at 0°C., find the temperature of the other. y 
for mercury=18'2x 10-5, 
=  [Ans. 97°C. approximately. ] 

21. The loss of weight of a weighed bulb, immersed in a liquid at 0°C. 
is Wo. Show that the loss W at t°C. is given by W=W,[1+(«—f)t, where « 
and g are the coefficients of expansion of the bulb and the liquid respectively. 
Sketch an apparatus to determine the coefficient of apparent expansion of a 
liquid by the above formula. (All; 1922) 

22. A solid body is weighed successively under a liquid at different tem- 
peratures. Explain how the heating will affect two different weights. (Pat. 1927) 

23. How would you prove, without weighing, that, bulk for bulk, cold 

water generally weighs more than when hot. 
4 : 24. The density of water at 4°C. is 1, and at 80°C. it is 09718. Find the 
difference of the two weights of a cube of glass of 3 cms. edge when weighed in 
water at both the above temperatures. (The coefficient of linear expansion of 
glass is 000009). 

[ Ans. ‘224 gm. ] 

25. 1 c.c. of water weighs 099874 gm. at 0°C. and 1 gm. at 4°C, Find the 
mean coefficient of absolute expansion of water between 0°C. and 4°C. 

Ans. —32x 107*/°C.] 

26. A piece of glass weighs 4525 gms. in air, 2817 gms. when immersed in 
water at 20°C., and 2881 gm. in water at 100°C. Find the mean coefficient of 
~ expansion of water between 20°C., and 1000°C. (coefficient of cubical expansion 
of glass is 0000255). (C. U. 1949) 

[Ans. 0:00075. ] 

27. State carefully the changes which a block of ice undergoes when the 
temperature is raised from—10°C. to over 100°C. (C. U. 1950) 

28. A uniform glass tube one metre long contains a column of mercury 
at an end, How long must this be in order that the length of the cube 
unoccupied by mercury shall remain, unaltered when the whole is heated ? 
(Coefficient of absolute expansion of mercury, 0°00018/°C., coefficient of linear 
expansion of glass 0:00001/°C.). 

[Ans. 4 of the length of the tube. ] 
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29. Water is said to have its maximum density at 4°C. Explain what this, 
means. In what respects is the behaviour of mercury different from that of 


water when both are gradually warmed from 0°C. ? (C. U. 1937) 
30. How would you demonstrate that water while being cooled acquires 
the maximum density sometimes before it begins to freeze. (Pat. 1937) 


31. “Water is not at all suitable as thermometric liquid between 0°C. and 
8°C., but the above peculiar property of water saves the lives of aquatic animals 
in very cold countries.” Explain this statement as clearly as possible. 

è (Pat. 1955) 

32. Describe Hope’s apparatus for determination of maximum density of 
water. Explain step by step how and why the readings of its thermometers 


. change as the temperature and density of water change. What importance does 


the fact that maximum density of water is at 4°C, bear in the economy of 


nature ? (Utkal, 1954). 
33. Give a complete explanation of the following : (a) ice forms on the 
surface of water, (b) fishes can live and move in a frozen lake. (C. U. 1950) 


34, Show how you would. correct the reading of a barometer for the 
expansion of the mercury and the scale, 

(Pat. 1926, '35 ; cf. 1932; cf. R. U. 1952), 

35. The height of a barometer appears to be 76:4 cms. according to the 
brass scale which is correct at 0°C. If the temperature at the time of reading’ is 
80°C., what is the actual height of the mercury column ? The coefficient of 
linear expansion of brass is 0:000018. How is the quantity determined experi- 
mentally ? (C. U. 1920) 

[Hints,—Correct reading = 76°4(1+-0°000018 x 30).= 76:4430 cm. ] 

36. A barometer is provided with a silver scale which reads correctly at 
0°C. What is the true height of the mercury corresponding to an apparent 
height of 76105 mms. at 15°C. ? What height would the barometer register at 
0°C? (Given coefficient of cubical expansion of mercury =0:000182 ; coefficient! 
of linear expansion of silver=0:00019). (Utkal, 1954) 

[Ans. 75915 cm.] 

37. A mercury. barometer with brass scale and correct at 0°C., reads 76:69 
cm. at 178°C. Reduce the reading to 0°C, 


(x for brass =19 x 107%, y for mercury =18x 10.) 
[Ans. 7647 cms.] 


CHAPTER IV 
EXPANSION OF GASES 


45. Expansion of Gases :—While dealing with the expansion of 
solids and liquids, we did not take into consideration the pressure to 
which they were subjected, as change of Pressure does not produce 
any appreciable change in their volume. But to make a complete 
statement about the condition of a gas, its pressure, volume and 
temperature must be given. In mathematical language we say that 
gases haye three variables, P, V, and t. 
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These three variables are commonly called the factors of state ofa 
gas. They are found to be such that if any one of them is kept 
constant, the other two, when they vary, follow a definite law, known 
asa gas law. This gives us the following three gas laws :— 

(1) the relation between pressure P and volume V, when 
temperature (t) is constant ; this relation is given by the Boyle's Law ; 

(2) the relation between volume and temperature, when pressure 
is constant ; this relation is given by the Charles’ Law (Art. 46) ; 

(3) the relation between pressure and temperature, when 
volume is constant; this relation is given by the Presswre Law 


(Art, 50) 


Fora given mass of a gas, all the three variables as stated above 
are nob independent ; when any two of them are given, the third 
becomes automatically fixed up, as will be seen afterwards. 

The first of the above three relations, which the Boyle's law 
embodies, has already been treated in full in Art. 309, Part I et sec. 


46. Expansion of Gases at Constant Pressure :— 


Charles’? Law.*—The law states that the pressure remaining 
constant, the volume of a given mass of any gas increases (or decreases) 
by the constant fraction srs of its volume at 0°O. for each degree 
centigrade increase (or decrease) of temperature. 

This constant fraction is, therefore, the coefficient of expansion of 
@ gas at constant pressure and may be simply called the volume coeffi- 
cient of a gas and ordinarily denoted by 7p. Thus if Vo and Ve be the 
volumes of a given mass of any gas at 0°C. and ¢°C. respectively then 
according to Charles’ law, 


pe he Vay Vo f i 
973) 373 373" T, where T is 


the absolute temperature (vid Arb. 54) corresponding to t0., 
or Vio 7. 


Vi=Voll+Y t) = Vol 1+ 213 +i) = 


This gives us another form of the Charles’ law which may be 
stated as, “the volume of a given mass of any gas, at constant pres- 
sure, varies directly as its absolute temperature.” Evidently, the 
graph between the temperature and the volume of a given mass of any 
gas will be a straight line ; and such a graph has been shown in Fig. 32. 


Working Formula of Charles’ Law in Fahrenheit Scale.—A 
Fahrenheit degree is $ of a centigrade degree; so the value of the 
coefficient of expansion of a gas at constant pressure, which is zrs per 
O. becomes equal to SX ats or zx per F. approximately. Therefore 


*The law is also sometimes called Gay-Lussac’s Law ; for, though Charles 
first found out this relationship for a gas, he did not publish his work. In 1802, 
Gay-Lussac proved the same Law independently; he saw Charles’ manuscripts 
afterwards and found that Charles had discovered the law fifteen years earlier. 


= 
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according to the Fahrenheit scale, our formula for the Charles’ law 
will be, 
Vi= Voll +abr(t — 39)}. 


N.B. The value of 7 is a constant. It is equal to sts or 0'00366 
per'C. and is approximately the same for all gases. It is not different 
for differnt gases as in the case of solids and liquids. 


Thus 1 c.c. of a gas at O°C. becomes (1+z%s) o.o. ab 1°0.; 
(1+a%s) c.c. at 5°C. ; (1 +aiys) c.c. at 50°C. ; and so on. 


Again, 273 o.c. of a gas at 0°C. become 273(1+zts) c.c. ie. 274 
cc. at 1°0.; 278(1+499) oc. ie. 373 cc. at 100°C. ; 273(1-+3%9) 


G.c., 7.6. 383 e.c. at 110°C. 


47. The Importance of measuring the Expansion of a Gas 
with respect to its Volume at 0°C, .—In determining the coefficient 
of expansion of a gas, the initial volume of a gas must always be taken 
at O°. instead of taking it at any other temperature which can be 
allowed in the case of solids and, to some extent, of liquids, as the 
expansion of a gas fora small change of temperature is very large in 
comparison with the very small expansion of a solid or that of a liquid ; 
or, in other words, the cooflicisnt of expansion of a gas is not a very 
small fraction as in the case of solids or liquids. 


For the above reason we did not so much insist on specifying any 
lower temperature in the formula relating to expansion of solids 
and liquids. But, in calculating the expansion of gases, we should 
always mind the words st “of its volume at 0°O.",and we shall got , 
wrong results if we take the original volume at any other temperatuo, 
say 10°C., or 20°C., as in the case of solids and liquids. 

Suppose we have 878 c.c. ofa gas at 100°C., and we want to find 
it volume at 110°C. By directly applying the formula 


Viso=Vi ooll + rys) we got, 
V110=373(1+ dys) = 373 +18°67=386 67 0.0. 

But this cannot be, fora volume of 378 c.c. at 100°C. will become 
883 c.c. at 110°C., as seen before. This shows the importance of 
the words “of its volume at 0°C.”, 

That the above point is not so important in the case of solids will 
be shown thus : 

Suppose we havea rod of iron which is 100 ems. long at 0°C,, 
thon at 100°C., it will become 100(1+0'000012 x 100) or 100'120 ems, 
At 110°C. it will become 100(1-+-0°000012 x 110) or 100'132 cms. 


Again by applying the formula directly, as in the above case, 
1340=1100(1+0°000012 x 10)= 100'12(1+0°00012)= 100'1320144. 


The difference in the two results which is 0'0000144, can easily 
be neglected for our purposes, and this clearly shows the importance 


of always considering the volume at 0°C. while calculating the 


expansion of gases. 
Vol. I—24 
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48. Important Points of Difference :—Though the relation, 
Vi=Vo1+ypt) as given by Charles’ law is smilar to that in the 
case of thermal expansion of solids and liquids the following points of 
difference should be marked :— 


(i) Unlike in solids and liquids a change in pressure considerably 
affects the volume of a gas and so in finding the volume coeficienti 
of a gas, steps must be taken to keep the pressure constant while the 
temperature is changed. 


(ii) The cosficient of expansion for gases (słs) is quite large 
compared to those for solids and liquids. 


(iii) The value of the coefficient of expansion for gases is a 
constant and is approximately the same forall gases and not different 
for different gases. For solids and liquids, it is different for different 
Substances and for the same substance the value changes, in many 
cases irregularly, at different parts of the temperature scale. 


(iv) The volume at 0°0.and not at any original temperature 
(which is permissible in the case of solids roughly also in the case 
of liquids) isto be taken for gases in applying the law of thermal 
expansion. 


49. Determination of the Coefficient of Expansion of a Gas at 
Constant Pressure :— 


_. (1) Constant Pressure Air Thermometer Method.—Take a 
jece of capillary glass tube T of uniform bore and about 50 cms. long 
Fig. 29). Passa stream of hot air through the tube for some time, 
and when the tube has been dried, seal off one end of it by a blow 
pipe flame. The tube is then gently heated with the open end dipped 
in mercury. On allowing the tube to cool, the air contracts and a small 
pellet m of mercury is driven inside and this serves as an index. Tho 
tube T is now held horizontally ina wide glass tube G which is stop- 
peredat both the ends. The tube Œ actSasa bath and is provided 

with inlet tube A 

and outlet tube B. 

A thermometer P 

also introduced hori- 

zontally, gives the 
temperature within 

Fig. 29—Constant Pressure Air Thermometer. the bath G. Pass 


; ` ice-cold ti 
through the jacket G till the thermometer P late satis 


temperature 0°C., and the pellet m assumes iti 

waiting for sometime, measure the distance Ce diam is 
pellet from the closed end of the tube by means of arscale. Drain 
off the water and pass steam from a boi'ar through the jacket till again 
the temperature of the air within the tube T besomes constant, as 
shown by a steady position of the pellet. The distance of the lower 


dh 4 
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end of the pellet is again noted. Let the temperture now indicated 
by the thermometer P be #C. As the open end of the air thermometer 
is exposed to the atmosphere all throughout, the pressure of the 
enclosed air is constant and equal to that of the atmosphere. 


As the tube is of uniform bore, the volume of the enclosed air is 
proportional to the length of the enclosed column. Let 4 be the area 
of cross-section of the bore, and J,and/ be the lengths occupied by 
the air column at 0°C., and ¢°C. respectively ; So 2.x is the volume of 
air at 0°O., and lx the volume at 2°C., neglecting the expansion of 
glass, which is small compared to that of air. 


k-ix_ tt. 
igh LK Ne (1) 


The volume coefficient, r= 


The air in the tuba can be replaced by any other gas, and it will 
be found that the value of yp in every case will be the same, viz. 
approximately. 


(2) Regnault’s Method.—Regnault’s apparatus is also an air 
thermometer. In it the air is enclosed in the bulb A (Fig. 30) to one 
limb of a U-tube and kept dry by strong 
sulphuric acid poured through the other 
limb B. The limb having the air bulb A 
is graduated and directly gives the volume 
of the enclosed air. The limb B is open 
to the atmosphere. The U-tube has a short 
cross-tube attached to its bend and this 
serves as an outlet. This outlet tube is 
provided with a stop-cock S by opening 
which any excess acid in the U-tube can 
be dropped out. The U-tube is placed in 
water contained in an outer jacket and the 
quantity of water is so taken that the air 
bulb, is completely immersed in it but the 
open limb B projects out. This outer jacket 
is a thick glass cylinder whose bottom is 
closed by means of a stout rubber cork. A 
copper pipe enters through this cork into 
the water in the jacket and leaves the 


water bath again through the rubber cork. Fig. 80—Regnault's 

When steam is passed through this pipe, Arpaia oa 
`: 'ressure 

the water around gets heated. By regulating Tharmometst), 


the supply of steam the temperature of 

the water bath cın be kept constant at a desired value, For uniformity 
of temperature throughout the water, the latter may be stirred by 
means of a stirrer (not shown in the figure). A thermometer T' is 
suspended in the water and records the temperature of the bath. 
When it is steady, it is also the temperature of the air enclosed in the 


, "N 
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bulb A. Before taking readings, sufficient time should be given to 
the enclosed gas to attain the temperature of the water. Now 
sulphuric acid is poured into B or run out by opening the stop-cock 
§ until its levels are the same in both the limbs. The air in A is then 
at atmospheric pressure and its temperature is noted and the volume 
is read from the graduations. Steam is passed through the copper 
pipe and the water is kept constantly stirred. The temperature-rise 
causes the air in the bulb to expand and force down the liquid which 
rises in the other limb. The temperature is kept constant for some 
time by regulating the steam, during which the levels of the acid aro 
adjusted to be the same in both the limbs either by dropping out 
some acid by opeing the stop-cock or adding more acid into B, as 
required; volume and temperature are read as before. The heating 
is continued and readings are taken at various higher temperatures 
until the water boils. 


If V., Vi and Va be the volume of the air respectively at 0°C., 
ti O. and ¢4°C., 


we have, Vi=Vo1+7pt,), and 
Pa _1+7pta 
- % Ya 1 tT 
Va= V1 +7pt) ; or Va LF Tots 
whence 7p can be known as Vy, 
Vo, ty and tg are known. 


~ 273 -20 =100 ~——- 0 ——-+ 100 


TEMPERATURE Determination of 7, from graph 


and the verification of Charles? 

Fig. 81 Law.—If the temperature is plotted 
on the maxis and the volume on the y-axis, a straight line graph is 
obtained (Fig. 31) indicating that the expansion of a gas is uniform, 
or the pressure of a gas remaining constant, the volume increases 
directly with the temperature, On producing the mph backwards 
it will cut the 2-axis at about —273°C., which means that the volumo 
of the air (theoretically) becomes zero at —273°0. ‘The volumes of 
air, V, at 0°C., and V: at any convenient temperature ¢°C., can be read 
from the graph from which 7 may be calculated from the relation 
Ve= VAL + ypt). 


The results obtained for yp for air is about 0'00867 per °C., i.e. 
approximately 1/273 per “C. This verifies Charles’ law. 


50. Increase of pressure of gas at Constant Volume :— 


The Pressure Law.—The rolation botween pressure and tempera- 
tura of a gas at constant volume is called the pressure law or constant 
volume law, 


The law states that volume remaining constant, the pressure of a 
gas increases (or decreases) by a constant fraction (re) of its 
pressure at 0°C., for each degree centigrade increase (or decrease) of 
temperature. 
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This constant fraction is called the pressure coefficient f 
a gas and is evidently, equal to the ss ia) i 
volume coefficient of the gas (vide 
also Art, 51). Mathematically, if 
P: and Po are the pressures of a 
gas at £O. and O'O. respectively, 
then at constant volume, 


Pe= Po (1+-70t)= r| 1 tz) g 


Por 
= 315" or, PeT, where T'=absolute 


temperature corresponding to O. 
The graphical relation between the 
pressure, and temperature of a gas 
will, therefore, be a straight line as 
shown in Fig. 33. 


N.B.—The Pressure Law is also 
often referred to as Charles’ law, for, 
as is evident from above, the pres- 
sure of a gas varies with tempera- 
ture at constant volume according to 
the same law as the volume varies 
with temperature at constant pres- Fig. 82—Joly's Constant 
sure. Volumo Alr Thermometer, 


50(a). Determination of the Pressure Coefficient of a Gas :— 


— 
gen 


By Joly’s Apparatus.— The relation hetween pressure and 
temperature of a gas at constant volume can be atudied by Joly's 
apparatus (Fig. 32), which almost resembles the Boyle's Law Tube 
(vide Art. 311, Part I) with the addition of a glass bulb B provided 
with a stop-cock in place of tho straight closed tube. The bulb B 
and the connecting tube up to the surface of mercury in the tube O 
contain dry air. 


Expt.— Open the stop-cock and raise or lower the open tube R till 
the mercury in the tube O reaches some point D marked onthe stem, 
the point being selected as near the top of the tube O as possible; 
Now close the stop-cock. At this stage the pressure of the air above 
the mercury in both the tubes is atmospheric, which, suppose, is H 
oms. of mercury. Next take m bath of water, say a large brass or 
copper basin provided with a stirrer containing water placed on an 
adjustable vertical stand which may be heatod from below by means 
of a burner, Gradually adjust the height of the bath until the whole 
ofthe bulb B completely immersed in the water. A thermometer 
vertically inserted in the bath gives the temperature. Heat the bath 
and regulate the temperature at some constant value, say taO., by 
applying the burner or withdrawing it for some time as required. For 


Pn -a T 
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uniformity of temperature, the water should be stirred well. Due to 
temperature-rise the air in the bulb will expand and force down the 
mercury in the tube O. Raise the tube R till the mercury head touches 
the fixed mark D again in the other tube. Let the difference in levels 
of the mercury in the tubes C and R be hi. Then the pressure P, of 
the air, now at temperature tı is(H+h1) ems. of mercury. Similarly, 
change the temperature to ta C., and note the difference in levels ha 
now, when the pressure Po will be (H+he) ems. of mercury. Mark 
that the volume of the air enclosed in the bulb B up to the fixed 
mark D is kept constant in this experiment neglecting the expansion 
of the glass bulb B; for, ab each observation, the level of mercury 
is brought back to the same fixed mark D by adjusting the limb R 
of the tube. If P, be the pressure at 0°C., we know from Charles’ law, 


Pi=Pll+ reti), and Ps = P(1+7'vts) = gic (3) 
a Pa o ltrti_H+h 
ESMI Erts AF ha 


As ti, ta, hı and hg are all known and H may be determined by 
means of a barometer, 7v, the pressure coeficient can be determined. 
The air in the connecting tube attached to the bulb B is not at the 
Same temperature as that of B, when the temperature of the bulb is 
raised. This may be called the error due to exposed column for which 
& correction is needed. Strictly speaking, the air is not heated all 
along under constant volume as the bulb expands, however small the 
expansion may be, with the temperature of the bath. 


Determination of 7, from graph and the verification of the 
Law of Pressures.—If the temperature is increased gradually in steps 
keeping the volume constant and the corresponding pressures are deter- 
mined a graph may be plotted with temperatures on the a-axis and 
Pressures on the y-axis. On drawing the graph on a smaller scale and 
Producing it backwards, it will be a straight line (Fig. 33) cutting 
the maxis at about —273°C., 
that is, at zero pressure the 
temperature is theoretically 
—278°C. 

The straight line indicates 


that the pressure increases uni- 


=273 -200 +100: <=" >" I00 formly with the temperature when 
TEMPERATURE 


Fig. 33 constant. 


PRESSURE 


Reading from the graph, the value of Poat 0°C. and Pi at any 
convenient temperature tC, y can be calculated, and in this 
experiment, water at the temperature of the laboratory can be used 
instead of ice-cold water. 3 ; 


The result obtained for Yu for air is about 0°00387 per “CO. ie. sts 
rer °C. approximately, and the same value is also obtained for other 


the volume of the gas remains’ 
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gases which obey Boyle’s law. This verifies the Law of Pressures 
which is another form of fhe Charles’ law. 


51. Relation between yp and 7,:—For any gas obeying the 
law of Boyle and Charles, it may be shown that yp= 7v. If the 


temperature of any mass of the gas be increased from 0° to # while 
the pressure remains constant, we have, V=Vol1tYrt) ... (1). 
Now increasing the pressure from Po to Pi while the temperature 
remains at £, until the volume is Vo, we have, by Boyles law, 
PoVi=PiVo ... (2). From (1) and (2), Po (1+Ypt)= Pi ... (8). 
If, however, the temperature of the gas had been increased from 0° to 
t while the volume remained constant, then P=P.(1+7t) ... (4). 


Hence from (3) and (4), we have, ”p=Y» or the volume coefficient 
of a gas is equal to its pressure coefficient. 


52. Joseph Louis Gay-Lussac (1778—1850) :—He was born 
at Limousin in France. During the French Revolution his father, a 
Judge, was imprisoned and so Joseph's schooling began late. He 
passed from the Paris Polytechnic and developed a great passion for 
Chemistry. He began researches under Berthelot. and here he 
discovered in 1802 the law of thermal expansion of gases jndependently 
though he did not know then that Charles had found the same fifteen 
years earlier. The theory of variation of temperature with altitude 
is due to him, and he personally climbed heights as great as 23,000 ft. 
jn order to study the yariation of magnetic field and temperature. 
In 1809 he became Professor of Chemistry at the Paris Polytechnic. 
He discovered Iodine, Cyanogen, and Prussic acid. 


53. The Gas Thermometer :—Like liquids, gases also can be 
used as thermometric substances. In practice the gases, such as air, 
hydrogen, nitrogen, helium, ete. i.e. the gases which behave nearly 
as perfect gases (vide Art. 64) are used as thermometric substances 
and the thermometer (either constant pressure or constant volume) 
js named according to the gas used, e.g. the air thermometer, the 
hydrogen thermometer, ete. The reason for using only one or the 
other type of these gases only is that these gases obey Charles’ Law 
or the law of pressures quite accurately oyer a wide range of tempera- 
tures while other gases do not. 


(1) Methods of Measurement of Temperature by a Gas 
Thermometer.— To find the temperature of a given bath with a 
constant volume gis thermometer, find Pe, the pressure of the 
enclosed gas at 0°C., and Pz, the pressure at the unknown temperature 
t ofthe bath. Thon, we have, 

Pi= Pe. Le Nai ays P: =P, 


= > ie Og, 0) ———— 
To Pat ior, t Prr 2377 P, 


The volume of P, can also be determined from the graph as shown 
in Fig. 33. 


376 INTERMEDIATE PHYSICS 


(I) Graphical Methed.—Plot two points corresponding to P, 
and Pio at 0°C., and 100°C. respectively and join them by a straight 
line as in Fig. 33. Now find the pressure P, of the same volume of 
the enclosed gas, corresponding to the unknown temperature é of the 
bath, and from the graph read the value of ¢ corresponding to P;. 


A constant pressure gas thermometer can also be used in either of 
the two ways described above for the measurement of an unknown 
temperature. The only difference in its case will be to find Vand 
Vo in method (I) instead of Pi and Po ; and Po, Vioo and Vi in method 
(IL) instead of Po, Pioo and Pr. 


Standard Thermometer.— It has been established thermod ynami- 
cally that the absolute scale is identical with the gas scale ifa perfect 
gas can be usedas the thermometrie substance. Both the constant 
pressure and the constant volume gas thermometers are equally 
accurate for measurement of temperature. The constant volume 
hydrogen thermometer has, however, been internationally accepted as 
a standard thermometer. Other thermometers, such as the different 
types of liquid-in-glass thermometers, the electrical thermometers 
like the resistance or thermocopule thermometers, the radiation 
thermometers, etc. should be standardised by comparison with such 
a thermometer. Since no real gas (including hydrogen) is perfectly 
perfect a gas thermometer, after corrections are appliel for the devia- 
tions of the gas from perfect gas conditions (which are known now-a- 
days for all thermometric gases), furnishes the perfect gas scale of 
temperatures. This is the reason, besides the numerous practical 
advantages listed below, why a gas thermometer is preferred to all 
other thermometers in all standard measurements. 


Advantages and Disadvantages of a Gas Thermometer.— 


(a) Advantages.— A gas is light and can be obtained in pure 
condition. Tt remains gaseous and therefore can be used as a thermo- 
metric substance for a much wider range of temperatures than is 
Possible in the case of other types of thermometers. By using helium 
gas a temperature up to very near the absolute zero (Art. 54) can 
be determined. The maximum temperature for which a gas thermo- 
meter can be used is determined by the temperature at which the bulb 
of the thermometer fuses and tho permeability of the bulb to the gas 
used. A-hydrogen thermometer may be used from ~ 200°C. to 500°C. 
above which hydrogen cannot be used as it attacks the materials of 
the containing vessel (glass or porcelain). For temperatures above 
500°C. hydrogen is replaced by nitrogen, and for low temperatures 
below — 200°C, helium replaces hydrogen. A platinum-rhodium bulb 
using nitrogen has been used up to 1600°C. The rate of expansion of 
a gas is very uniform and regular over the whole range of the scale. 
A gas thermometer is yery sensitive ‘too, for the thermal expansion 
of gases is very large. For the same reason the expansion of the 
envelope in its case doss not affect the observations seriously as in 
the case of liquid-in-glass thermometers, for the latter is relatively 
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very small. The cosfficient of expansion (both pressure and volume 
coefficients) of all gases being practically the'same, the scales furnished 
by different gases are identical. So all gas thermometers read alike 
at all parts of the scale. 


(b) Disadantages.—A gas thermometer cannot be used for 
clinical or calorimetric purposes, for it is not a direct-reading 
thermometer. Moreover, being unwieldy in size it is inconvenient 
for domestic use. In case of a constant volume gas thermometer a 
barometer is needed for the knowledge of the pressure of the gas. 
Again, no permanent scale can be fixed with a gas thermometer, 
since the atmospheric pressure changes. 


Examples. (J) Find the temperature of the boiling point of a salt solution 
from the following readings obtained with a constant pressure air thermometer. 
Position of mercury at 0°C.=72, and at 100°C.=16'8 ; position when the ther- 
mometer is in boiling solution=173. 


Ans, Let Ve=volume of air at the unknown temperature (°C. thon yp= 
Vi=Vo. 
V ` 


(2) The pressure of air in the bulb of a constant volume air thermometen 


is 73 cms. of mercury at 0°C., 100'3 cms, at 100°C., 77'8 cms. at room temperature 
Calculate the temperature of the room. 


Ans. Asin Bx. 1, tep Ep x 100= opa = 79 * 10051760. 

53(A). Constant Volume Hydrogen Thermometer :—A cons- 
tant volume hydrogen thermometer, originally devised by Harkar and 
Chappius, consists of two distinct parts, a bulb 4 (Fig. 33A) contain- 
ing hydrogen gas and a manometer QGFG, which measures 
the pressure of the gas at any unknown temperature and the gas 
bulb A (to be immersed in the bath whose temperature is to be 
measured), made of an alloy of platinum and iridium, one metre 
long having a capacity of 1 litre. The gas bulb A is connected to the 
manometer tube FG, just belowa steel partition S by a. capillary 
platinum tube B (1 metre long). The lower surface of the partition 
is provided with a platinum pointer P upto the tip of which the mercury 
level in the lower compartment of FG, is to be raised in order to 
maintain the constancy of volume of the gas in the bulb A, The 
upper compartment of FG, is directly connected to the other 
manometric tube GQ through a narrow cross-tube D. Tho lower 
‘nercury column is communicated to the same tube GQ through M. 
The end of the inverted manometer tube IQ (otherwise referred to as 
the barometer) dips in mercury in G, The barometer tube is so bent 
at Q that the mercury column I and that in F'G, lie in the same vertical 
line. This enables one to read the levels of the mercury top in these 
tubes and hence the gas pressure with the same vertical setting of a 
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cathetometer. The mercury in the manometer tubes communicates 
with that in the reservoir R through a flexible steel pipe K. When 

the gas bulb A is immersed 
D in the test bath J, and 
! | steady conditions have been 
=o attained, the mercury level 
in F istobe brought just 
up to the tip of the pointer 
P by adjusting the position 
of the reservoir by means of 
a rack and pinion arrange- 
ment. In this adjusted 
Position, the height IG, 
gives the barometric press- 
ure (H) and GP the excess 
pressure (h) due to the 
pressure change caused in 
the gas in A on account 
of change of temperature at 
constant volume. Hence 
the pressure, p of the gas 
is given by p=(H+h), This 
corresponds to the height 
IP of the mercury column 
to be measured by the 
cathetometer. 


Fig. 83A—Constant Vol H; : 
i E SERAS Tag If the temperature is to 


be measured in Celsius gas 
Seale the pressure pt ati the test temperature ¢°C, is to be found out 
and also the pressures p, and P100 at the ice-point and steam. point res- 
Pectively. The formula to be used for determination of ¢ will then be, 


SUES. Sy 
Ba ep 100 y i = poh (i) 
i T.+100 
Again since, Cae eae where T, stands for the ice-point 
(absolute Celsius scale) 
ney 100, 
=1+ T,’ 


1 _P100~Po_ 


or, T, 100p, %, the temp.-coeff. of expansion at constant 


volume. Thus the value of 4» also can be measured by this apparatus. 


Discussion.—This thermometer can be safely used up to 500°C. 
only, for above that temperature hydrogen diffuses through platinum. 
If, however, hydrogen is replaced by nitrogen and the bulb A be of 


a 
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Platinum-rhodium, satisfactory results up to 1600°C. can be obtained 
—the lower limit being of course the corresponding boiling point: 
In actual measurements with this thermometer the following 
corrections are to be applied :— 


(i) The dead space correction.— In the dead space, 7. e. in the 
space inside the capillary B and in-between the Pointer-tip and the 
steel partition, the temperature is different from that of the bulb. 
So the necessary correction arises. 


Gi) Corrections due to the changes in volume of the bulb A 


due to the changes in temperature and in the internal pressure of 
the bulb. 


(iii) Correction due to the change in density of mercury on 
account of the temperature change. 


54. Absolute Zero and Absolute Scale :—(a) If we apply 
Charles’ law to temperatures below 0°C., the volume of a given mass of 
any gas at constant pressure will diminish by syy of its volume at 0°C. 
for each degree centigrade fall of temperature. 


Thus 1 c. c. of gas at 0°C. becomes (1 - zły) c. cat — 1°0. 


” ” n $ ai (1-371) Tt N g 
ay AR Gat rA A (1- sfr) » —8°O. 
dite sneha tory j X (1-399) » —100°0, 
ye. IDy N x (1-48) or 0,,  -278°0. 


Therefore the volume of the gas will be reduced to zero at — 273°C, 


The result stated above also follows from the relation, 
5 R 
Vi= Vo (1+ 273)" 
If ¢ is the centigrade temperature when the volume becomes zero, 
we have, 
EAC PONAD 
0-7, (1+ a) > or, t 273° 0. 
The above idea is also obtained from the graph in Fig. 31. It 
has been shown there that the volume of the air theoretically becomes 
zero at — 273°C. 


Thus in whatever way we consider it, we find that there cannot 
exist a temperature lower than — 273°C., for in that case the volume 
would become a negative one which is absurd. 


Again, from the law of pressures, the pressure of a gas will 
decrease at constant volume by 1/273 of its pressure at 0°0. From 
this it also follows that the pressure of a gas at constant volume will 
become zero at - 273°C. We cannot imagine a temperature lower 

© than this, for a gas cannot exert a negative pressure. That is, the 
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So, the normal or standard pressure, 
Pa=76 X 13'596 X 980°6 dynes/em?. ; 
=1°013 x 10° dynes/cm.? 
57. The Law connecting Pressue, Volume and Temperature 
of a Gas :— Lot P, V and T denote the pressure, vo'ume and absolute 
temperature of a given mass of a gas ; 


then V=<1/P, when T is constant (Boyle's law), 
and V=T, when P is constant (Charles’ law), 
<.. V=T/P, when both T and P vary, 


PYV' 
ui 
of pressure and volume respectively of the same mass of gas at another 
absolute temperature T”. 

[Alternative Proof.—Suppose a given mass of a gas occupies a 
volume V under pressure P when the absolute temperature is Z. Let 


us find what volume it would occupy at pressure P’ when the 
temperature is T". 


Let the pressure of the gas he changed from P to P’ keeping the 
temperature T' constant. If the new volume of the gas now under 
pressure P' be Vz, then, according to Boyle’s law, 

PV=P'¥Vt..(1). Next let the gas be heated under constant 
pressure P’ until the temperature T changes to 7”. Let the volume 
at T’ be V’.. Then, according to Charles’ law, 


or, an constant = , when P’ and V’ indicate the values 


pu -O Wa Exe ie wee (2) 
N 
=F, trom (1) y ATS) 
PV_P'V' 


From (2) and (3), my =4 constant.] 


Tt is a convention to represent this constant by the letter R, when 
the mass of the gas is a gramme-molecule,* That is, 


PV =RT, where R is the gramme-molecular gas constant. 


Now, according to Avogardo’s hypothesis a grammemolecule of 
any gas occupies the same volume under identical conditions of pressure 
and femperture. So, the value of Ris the same for all gases. 
That is why R is called a Universal Gas Constant. 


When the mass of gas taken is n §ramme-molecules, where n 


may be either integral or fractional, the value of the gas constant is 
nf. In other words, 


*A gramme-molecule of a gas means an amount of gas whose mass is equi- 
valent to the molecular weight of the gas expressed in grammes. The correspond- 
ing expression for the F.P.S. system is a pound-molecule. For example, 1 gm.- 
molecule of O.=32 gms. of oxygen and | Ib.-molecule of N,=28 Ibs. of nitrogen 
(taking the atomic wt. of nitrogen as 14), 
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PV=nRT=KT, where the value of K depends on the mass 
| of the gas. 


The equation PV=KT isa combined form of Boyle's and Charles’ 
laws. This equation is generally called the Gas Equation or the 
Equation of State of a gas, for the physical state of a given mass of gas 
is completely determined by knowing its pressure, volume and tem- 
perature. Knowing any two of the threa quantities. P, V, and T, the 
third may he obtained from the above equation, for the value of the 
constant K can be calculated from the mass of the gas. 


58. Value of the Gas Constant :— 


(a) Universal Gas Constant (R).—For one gramme-molecule of 
a gas, the equation PV= RT is true for any perfect gas for all tempera- 


Y, 
tures and pressures. That is, R= Pr - ZoZo where Vo, say, is the 


volume ofa gramme-molecule of any gas at the normal pressure Po, 
and normal temperature To. 

Now the normal pressure, Po =76 x 13'596 x 980°6 dynes/cm.? ; 
and normal temperature. To =(0+273)=273°K. According to 
Avogadro's hypothesis, a gramme-molecule of any gas will ocoupy 
22°4 litres, i.e. 22100 c.c. at N.T.P. 

So, R= PeTo = (76 x 19°598 x 9806) x 22400 

$ To 273 
=8'31 x 107 dynes-cms./°0. 
=8'31 x 107 ergs/*C. 

Example. / litre of hydrogen at N.T.P. weighs 0:0896 gm. Find the value of 
R considering one gramme-molecule of the gas. [Mysore, 1952 ; Rajputana, 1954) 

Ans. The volume of 0:0896 gm, of hydrogen at N.T.P.=1000 c.c. 

The volume of 2 gm. of hydrogen (1 gm.-molecule) at N.T.P. 
_ 1000 
0°0896 

The normal pressure=76 x 13:596 x 980°6=1:013x 106 dynes/cm.2 

v f 6 
Since, pv =RT, Rat a ore = Poise eeek n =8'28 x107 ergs/°0. 


o 


X2=22321 0.0. 


(b) The Value of the Gas Constant K.— 


(i) Value of the gas constant K for 8 gms. of oxygen.—Now 8 
gms. of oxygen=fof 1 gm.-molecule of oxygen, since 1 gm.-molecule 
of oxygen equals 32 grammes of oxygen. 

“. K=nR=%%* 8°31 107 ergs/°C = 2'087 x 107 ergs/°C. 

(ii) Value of the gas constant K for 8 gms. of hydrogen. —Taking 
the molecular weight of hydrogen as 2 gms., the quantity of hydrogen 
here is 4 gm.-molecules; or, m= 4. ` K=nR=4x 881 x 107 

© ergs/"C = 83°24 x 107 ergs/°C. 
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(iii) Value of the gas constant K for 1 gm. of air—One litre of — 

. ey . S x l 

ean 1'293 gm. at N.T.P. Find the value of K eonidas A a 
ir. 


The volume of 1'293 gm. of air at N.T.P. = 1000 cc. 
oa ” mign , » ” aa C.C. 


The normal pressure of the atmosphere = 1'013 x 10° dynes per sq. cm. 
We have, PV = PoVo ~ KT. J. 1013x10°x 1000. rx 978 


1'293 
So, K= 2'87 x 10° ergs/°C., for 1 gm, of air. 


59. Change of Density of a Gas :—It is often useful to know l 
the changes of density instead of the changes of volume. If D, DT 
represent the original and final densities of a mass M of gas, and 
V, V’ its corresponding volumes, then, 

M=V* D=V'x D ;or, V=M/D, and V'= MD. 7 

WPF SEV: PM PM 
h A ya EE 
So the equation, T T a constant, becomes p= gy7 


r 


=a constant. 


That is, Pa” pa = a constant ss a Ce 
or, 2- A when T= 7", 


(a) Hence, the density of a gas at constant temperature varies 
directly as the pressure. F 
Again, from (1), DT= D'T', when P= P'. va 
(b) Hence, the density of a gas at constant pressure varies — 
inversely as the absolute temperature. 


60. The Kinetic Theory of Gases : —Tho simple gas laws 
namely Boyle's Law, Charles’ Law, Avogadro's Law*, ete. are generally 
obeyed by all gases. So it is reasonable to suppose that they a 

ess a common and simple structure. During his investigations 
tho structure of gases. Bernoulli, assuming a simple common structutè 
of the molecules for all gases, first suggested that the pressure of agas 
could be explained if the molecules were endowed with considerable 
velocity. Starting from this kinetic concept, he actually deduced 
Boyle's law but his theory did not develop further until Joule carried 
out in 1848 his famous experiment on the equivalence of mechanical 
work and heat. However, the credit of giving the Kinetic concept — 
a concrete form lies with Clausius who formulated in 1857 the following — 
basic postulates for the Kinetic theory of gases :— y 


* Avogadro’s Law.—Equal volumes of all gases under the same conditi 
of pressure and temperature contain the same number of molecules. 4 
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i (1) “The molecules of a given mono-atomic gas are identical solid 
spheres which move in straight lines until they collide with one another 
or with the walls of the containing vessel. i 


(2) The time occupied in collision is negligible ; the collision is 
` perfecily elastic and there are no forces of attraction or repulsion 
between the molecules themselves, 


(8) The molecules are negligible in size compared with the size of 
the container.” 


Clausius introduced also the idea of the mean free path of a gas 
molecule ; this isa very important concept in the study of molecular 

| motion in a given boundary—“The mean free path is defined as the 
average distance traversed by a molecule between two successive 
collision,” 


61. Interpretation of Various Physical Quantities relating to 
a Gas by the Kinetic Theory :— 


(1) Temperature.—A mass of gas moans a vast assemblage of 
molecules in a given boundary, the container. The molecules are 
never at rest but are at random motion with very high vyelocitios 
directed in the most haphazard manner. As a matter of fact, all 
manners of velocities are probable [vide Brownian Motion, Art. 62(2)]. 
The energy possessed by the molecules is all Kinetic and arises by 
virtue of their being in continuous motion (the molecules haye no 
potential energy, since they neither attract not repel each other), The 
Kinetic energy manifests itself as the temperature of the gas. This is 
what is called the Kinetic interpretation of temperature. When the 
motion hecomes more rapid, the temperature increases and vice versa. 
Consistently the temperature will fall to nothing, when all molecular 
motion ceases. This temperature will, therefore, be the absolute zero 
temperature and no temperature can be lower than this and this is a 
direct deduction from the Kinctic theory of gases. 


(2) Pressure.—The molecules, in course of their motion, make 
collisions against each other as also against the walls of the container 
from which they rebound back into the interior of the gas without 
loss of energy, exerting a force on the walls. Blows or hits incessantly 


push off an obstacle against which they strike. emOrce and g tre 
pressure (which is force per unit area) is uniform an ote for ae 
hits are incessant and are directed against the walls/*) ° the Contain 


equally in all directions in all probability. 


(3) Root Mean Square Velocity (R.M.S. Vel ihi 
The pressure of a gas can be deduced ma For, wh, 
application of Newton’s second law of motion. 


» rebounds, and therefore undergoes a change 
Vol. I—25 
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loss of energy, since according to the Kinetic theory the collision is 
perfectly elastic. The rate of change of momentum is proportional to 
the force exerted on the wall. Proceeding in this way, an expression 
for the pressure can be deduced. Fora monoatomic gas this relation 
is given by pv=$mn0°=$M0*, where p= pressure, v=volume of the 
gas, M=mass of the gas=mass (m) of a moleculeXnumber (n) of 
molecules present in the volume and C*=the mean value of the 
squares of the velocities of the individual molecules of the gas at any 
instant at the given temperature. The quantity O is called the root 
mean square velocity fora gas. Ibis proportional to the square root 
of the absolute temp. of the gas, for 


ota 3 BBP or o= RT ie. O= JT. 


R and M being constants for a given quantity of the gas. 
Again po= 4m.n.0? =3.4m.n.0? =$ x K.E. 


That is, pressure of a monoatomic gas is numerically equal to % of 
the K.E. of the molecules per unit volume of the gas. 


(4) Distribution of Molecules.—The molecules of a gas are all 
alike. For a monoatomic gas, each molecule is a perfectly elastic 
sphere having a fixed mass. Its volume, however, is so small that it 
is treated as a mere mass-point. That is, it hasa mass as well asa 
Position (which varies from instant to instant) but no dimensions. 
Even a small portion of a gas contains an inconceivably large number 
“of molecules which is of the order of. 27 10*® molecules por c.c." 
Considering the large number of molecules in asmall space and the 
enormous yelocity each molecule possesses and also the fact that.the 
time taken during collision is negligibly small, the distribution of 
molecules in the volume is, inall probability, uniform in spite of the 
fact that by collision the directions of motion of the molecules are 
changing every moment, for such changes of direction of motion will 
occur in all directions and quite a large number of times at each 
. instant, 


62. Evidence of Molecular Motion :— 


(1) Diffusion.—The phenomenon of diffusion (vide Art. 221, Part 

T) provides an evidence in support of the molecular motion in fluids. If 
~e. iar. containing a light gas like hydrogen, is inverted over another 
could be explaiy, carbon-dioxide, a heavier gas, a uniform mixture is 
- velocity. Startinhile. This happens in spite of gravity under which 
Boyle’s law but hi: should remain in the lower jar and the lighter one in 
out in 1848 his A similar case happens when a strong potash per- 
work and heat. Ha is kept at the bottom of a cylinder and water 


a concrete form lies wr = = 
basic postulates for th Jlecules contained in a grame-molecule (molecular weight 


{a constant for any gas, accoriling to Avogadro’s hypo- 
*Avogadro’s Law.—Equisvosatto number (N). The accepted yalue for N is 
of pressure and temperature co. 
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is slowly and carefully added from above without causing any 
agitation, The coloured permanganate solution gradually works up 
and spreads throughout the whole mass. 


Such process of self-mixing of one fluid into another, sometimes 
even in opposition to gravity, known as diffusion, are possible only 
because the molecules of any fluid are in perpetual motion in all 
Possible manners and this concept of molecular motion is the basis 
of the Kinetic theory. 5 


(2) Brownian Motion.—A direct evidence, based on wiswal ex- 
perience, first experimentally demonstrated by Dr. Brown, has 
„established beyond all doubts, the reality of molecular motion in fluids, 


In 1827 Robert Brown, an English Botanist, while observing 
Suspensions of powdered gamboge in water (which are inanimate 
particles) under a highly powerful microscope found the particles 
moving about in the wildest fashion. Each particle, viewed under 
the microscope, appears like a tiny star of light in rapid and incessant 
motion in the most haphazard fashion. Each particle rises, sinks and 
rises again, or moves to a side this way or that way and so on, The 
motions are spontaneous and incessant. The motions are more 


vigorous in a less sticky liquid or when the temperature is increased. 
They are just perceptible in glycerine while most quick in gases, Such 
chaotic molecular motion in a fluid is called Brownian motion. 
—— — 
At N. T. P. 
Gas | P Avogadro 
Density | R, M. 8. velocity number (N) 
(gms./c.c.) | (cms./sec.) 
Hydrogen 8'9x107* 18°88 x104 
Oxygen 14'383 x 10-* 4°61 x 10* 
Nitrogen 12°5 x10 4°93 x 10* 6'062 x102" 
Air 12°9x 10-4 4°85 x 10* 
Oarbon-dioxide 19°8 x1074 8°93 x 104 


63. Explanation from the Kinetic Theory :— 


Boyle’s Law.—If a gas is compressed at constant temperature to 
half its original volume, the number of molecules per cubic centimeter 
is doubled, i. e. the density of the gas is doubled, and so the number of 
molecules striking against a wall per unit area per second, 7. e. the rate 
of striking against the wall per unit area is doubled. So though the 
K. B. per molecule remains constant (the temperature remaining the 
same) still the pressure is doubled due to tho rate of striking being 
doubled. Thus the product of pressure and volume remains constant 
at constant temperature. This is Boyle's law. 
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Pressure-Temperature Law.—When a gas is heated at constant 
volume, the heat energy given increases the K. Æ. of the molecules 
which is, at all stages of heating, proportional to the absolute 
temperature T according to the Kinetic theory. 


Now (pressure x volume) < K. F. 
=T. 
At constant volume, pressure P = T. 


Change of State.—During the chage of state of a substance from 
the solid to the liquid or from the liquid to the gaseous state, the 
temperature does not rise. How to.account for the latent heat then ? 
The heat supplied in the form of latent heat is utilised in further 
separating the molecules from one another against their forces of 
attraction without increassing their velocity. 


64, What is a Perfect Gas? Is there any Gas which is 
Perfect ? 


A gas is said to be perfect or ideal, if the assumptions of 
the Kinetic theory of gases (vide Art. 60) strictly apply to its case. This 
is the same thing as to say that such a gas should strictly obey the 
equation of state, PV=RT, for this equation can be deduced under 
those assumptions. The equation combines in itself the Boyle’s law, 
Charles’ law and the Pressure law. A gas which strictly obeys the 
above laws, therefore, can be calleda perfect gas. Such a gas should 
also follow Joules’ law* which is only a consequence of the Kinetic 
theory of gases. Such a gas cannot have any viscosity and should 
‘remain gaseous down to the absolute zero. 


As a matter of fact, no real gas exists which strictly can be ca!led 
a perfect gas. Some of the gases like hydrogen, oxygen, nitrogen, air 
ete. which were formerly described by Faraday as permanent gases, 
~have been found to obey the above gas laws approximately under 
definite conditions only. For instance under moderate pressures and at 
temperatures which are not low, they conform to Boyle’s law and 
under those limited conditions they may be regarded as perfect gases 
and not under other conditions. For ordinary purposes, however, these 
gases are always referred to as perfect gases. 


65. Isothermal and Adiabatic Changes :— 


Isothermal Changes.—Physical chages, e. g. changes in pressure, 
volume, ete. brought ahout in a substance at constant temperature, 
are called isothermal changes. Thus the changes in pressure and volume 
of a gas in a Boyle's Jaw tube are isothermal changes. In isothermal 
compression or expansion, the gases like hydrogen, oxygen, air, etc. 
known as permanent gases, obey Boyle’s law approximately and the 
pressure (P) vs. volume (V) graph of such a gas at a constant tempara- 


*Joule’s Law.—It states that there should be no fall of temperature of a gas 
when it expands into vacuum, if it is a perfect gas. 
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ture, which is called an Isothermal Curve or simply an isothermal of 
the. gas at that temperature, is found to be a rectangular hyperbola 
within moderate ranges of temperature and pressure (Fig. 186, Part I) 
That is, PV = a constant at a constant temperature. 


Next, leb us see what conditions are to be fulfilled for isothermal 
changes to be produced in a gas. Consider a gas kept in a cylinder 
closed by a movable piston. If the gas is compressed by pushing the 
piston inwards, heat will be generated equivalent to the work done 
on the gas; whereas, if the compressed gas is allowed to expand 
Pushing the piston outwards, the gas will be cooled, i.e. heat will be 
used up, corresponding to the work done by the gàs against external 
Pressure. So, to maintain the temperature constant, heat is to be 
taken out from the gas, in the case of compression, at the rate at 
which it is produced, and supplied to the gas, in the case of expansion, 
at a rate equivalent to the work done by the gas. Jf the cylinder is 
made of the best possible conductor of heat, the rejection or absorp- 
tion of heat by the gas becomes easy, if it is placed in contact with a 
medium of large thermal capacity. So in practice a metallic eylinder 
is used and the same is placed in a current of air or water, for 
constancy of temperature, when isothermal changes in pressure and 
volume take place within the gas contained in the cylinder ; if the 
changes take place slowly, the substance gets sufficient time either 
to gain or lose heat, as the case may be, and the temperature remains 
unaltered. So slow changes are often referred to as isothermal changes, 


Adiabatic Changes.— A physical change in a substance is said to 
be adiabatic when the substance is acted on in such a way that it 
neither gives out heat to, nor takes heat from, any body external to it. 
That is, in an adiabatic change physical changes take place without 
loss or gain of heat as heat. So in adiabatic changes the working 
substance requires to be kept in perfect thermal isolation from 
external bodies by covering the container with perfectly non-conducting 
materials ; such processes are often called the processes of lagging in 
technical language ; moreover, if the physical changes are sudden or 
rapid, chances of exchange of heat will be further reduced, That 
is why, sudden changes are often regarded as adiabatic. 


In adiabatic compression, a gas is rapidly heated up, because the 
heat produced due to the work done on the gas remains lodged within 
the gas itself; while in the case of an adiabatic expansion, the gas 
becomes rapidly cooled down, for the energy equivalent to the work 
done by the gas is drawn from the gas itself, The relations between 
pressure P, volume V, and temperature T in adiabatic changes in the 
case of a perfect gas are as follows :— 


The relation between pressure and volume is PV’ =X, a constant. 


i a 
The relation between volume and temperature is vr" = Ka, a constant. 
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ag shes 
The relation between temperature and pressure is TP T =Ks, 0 
constant, 
Phere poe heat of the gas at const. pressure (Cp) 


sp. heat of the gas at const. yolume (Qv) 


(vide Art. 81, wherein it is shown that Cp is greater than Co, t.e. 


5 
> 


VOLUME IN CeCe —> 


3 
0350 


PRESSURE IN MMe 


Fig. 85—Adiabatic Curve is steeper 


7 is greater than one). If an 
isothermal curve and adiabatic 
curve be drawn for the same gas, 
over the same ranges of pressure, 
and volume, the adiabatic curve 
will be found to be steeper than 
the isothermal curve (vide Fig. 
35). 

(For the relation between 
isothermal and adiabatic elastici- 
ties ofa gas, vide Art. 24, Part 
I). 

Examples. (1) A quanity of dry 
air occupies 1000 c.c. at 20°C. and 
under a pressure of 760 mm. of mer- 
cury. At what temperature will it 
occupy 1400 c.c. under æ pressure of 


than the Isothermal Curve. 750 mm. of mercury? (C. U. 1929) 

PY P'v! 1760x1000 _ 7501400 _, =181:0°0. a 

a we tare, 2m es on ceteag Tash a 

(2) The measurement of a room is 50 ft. x30 fl.x25 ft. If the temperature | 

of the room is increased from 20°C. to 25°C., calculate what percentage of the | 
original volume of air will be expelled from the room, the pressure remaining | 
constant. | 


‘Ans. Let V,=original volume of air=volume of the room= (50 x 30 x 25) 


ou, fti 


V, =final volume of air at 25°C., T; =20+273=293°C. Absoluter 
T, =25+273=298°C. Absolute. 


We have, Fen oe yas, (50x30x25) x298 351399 cu. ft. 
1 


T, 


293 


. Volume of air expelled =38139°9 —(50 x 30 x 25) =639°9 cu. ft. 


P 639°9 
H = =r 
ence percentage of air expelled 381399 *100=1°67. 

(3) Find the mass of one cubic metre of dry air at 62°F. and a pressure of 
75 cms, of mercury, the density of air at N.T.P. being 0001293 gm. ~per c-c. 

Ans. 62°F. =(62 —32) x$ =16°6°C. =273 + 16°6 =289'6°C. Absolute. 

The mass of a cubic metre (106 c.c.) of dry air at N.T.P- 

=108 x0'001293= 1298 gms. | 

If D be the mass of a cubic metre of air at 75 cms. of mercury and 62°F, 

we have, E 


Dx289°6 _ 1293x273 


76 76 (vide Art. 59); whence D=1203 gms. 
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(4) The mass of one litre of air at 0°C. is 1'293 gms. when the pressure is 
1013x108 dynes per sq. cm. Find the value of K in the equation PV=KT. 
Ans. The vol. of 1'293 gms. of air is 1000 c.c. So vol. of 1 gm. is 1000/ 


1293 c.c. 
5 6 x 1000 eve On © 
So we thaye, 1°018 x 10° x Fagg TE *278 ['.' 0°C, =278°C. Absolute.) ; 
1013 X 10° X1000_ oon x100 $ 
or, K 213x1298 2°87 x10° ergs. per degree centigrade per gm. 


[vide Art. 58(b)] 

(5) Determine the height of the barometer when a milligram of air at 
30°C. occupies a volume of 20 c.c. in a tube over a trough of mercury, the 
mercury standing 730 mm. higher inside the tube than in the trough. (1 c.c. 
of dry air at N.T.P. weighs 0°001293 gm.). i 

Ans. The wt. of 20 c.c. of air at 30°C. =1 mgm. =0'001 gm. and so, 

wt. of 1 c.c. =0°001/20 gm. 
If P bo the pressure of the enclosed air, 


2 = ros POEN whence P=82'6 mm. 


OOF x (278 +80) 

.. The height of the barometer =730+82°6 =762°6 mm. 

(6) When the temperatures of the air is 32°C. and the barometer stands 
at 755 mm. the apparent mass of a piece of silver when counterpoised by 
brass weights in a delicate balance is found to be 25 gms. What is the actual 
mass? The density of silver is 10°5 and that of brass 8'4, both at 32°C, 

Ans. Let m gm. be the true mass of the silver, then its volume is m/10°5 
cc. which is also the volume of air displaced by it. 

p 

This volume reduced to N.T,P. becomes= HH deere ie. 

But the mass of 1 c.c. of dry air at N.T.P.=0:001293 gm. 

The mass of the above volume of air 


m 273 755 m 


=0'001293 x 105 * (073 +59) X ggo 00011497 x 0s" 

Hence the apparent mass of silver in air, 

srg LD Ta h auai a (1) 
105 IE SR wuss i et 


The volume of brass weights is 25/8'4 c.c. and the mass of air displaced 
by the weights=0°0011497 x 25/84 gm. 

“. The apparent mass of the brass weights in air, 

0°0011497 
a5 oa iT l gm u sey oh (2) 
Since the apparent weights of silver and brass are in equilibrium, we have 
070011497 | =25 0°0011497 
from (1) and (2), m{ 1- CET, {1-Sooue |. 
or, m=24'9934 gms. 

(7) A litre of air at 0°C and under atmospheric pressure weighs 12 gms. 
Find the mass of the air required to produce at —18°C. a pressure of 3 atmos: — 
pheres in a volume of 75 c-c. 7 (Pat. 1924). 


Ans. Let P be the atmospheric pressure. Then the pressure on the mass — 
of the air=8P, and the absolute temperature T=273—18=255°. a 
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PVCS PxV _3Px75 
Then from the formula T= powe have 213 = 255 


volume of the mass of air at 0°C:, and at atmospheric pressure P, whence 

F=240'88 c.c. 
But the mass of 1 litre or 1000 c.c. of air at 0°C. and atmospheric pressure 
240-88 x 1'2 


is 1'2 gm. .',, The mass of 240°88 c.c. of air= o90 


« Where V is the 


= 0'289 gm. 


Questions 


l. State concisely the relations between the volume, pressure and tem- 


perature of a gas. (C. U. 1912, '50; G. U. 1950) 
Describe an experiment to prove the relation between pressure and 
temperature when the volume is kept constant. (C. U. 1912) 


2. Ten million cu. ft. of gas are supplied to a town per week under a 
pressure of 3 in, of water over the atmospheric pressure at 5s. per 103 cu. ft. 
When the mercury barmometer reads 31 in., the Gas Company can make no 
profit at all. Find the profit per week when the average height of the 
barometer is 29 in. Given, density of mercury = 136. 


[Ans. £171. 5s.] 


3. A flask which contains 250 c.c. of air at atmospheric pressure is heated 
to 100°C., and then corked up. If it is afterwards immersed mouth downwards 
in a vessel of water at 10°C., and the cork removed, what volume of water 
will enter the flask, if the final pressure is atmospheric ? 


[Ans. 604 c.c.] 

4. A flask containing dry air is corked up at 20°C., the pressure being 
one atmosphere. Calculate the temperature at which the cork would be blown 
out if this occurs when the pressure inside the flask is 1-7 atmospheres. 

(R. U. 1955) 

[Ans. 225:1°C.] 

5. Describe an experiment to find the Coefficient of expansion of a gas 
At constant pressure. (C. U. 1929, '35, °40, '51;Pat 1932) 

6. Describe the constant volume air thermometer and explain how you 
will use it to find melting point of wax. 

(All. 1927; cf. 1920, Pat. 1936; R. U. 1944, '46) 

7. The pressure in a constant volume air thermometer is 770 mm, at 15°C. 
What will it be at 20°C. ? 

[Ans. 783 mm.] 

8. Prove that for a perfect gas the volume and pressure co-efficients are 


equal. (Nag. U. 1953 ; Rajputana, 1949 ; Del, 1952; U. P. B. 1947) 
. 9. Explain how the thermal expansion of air can be utilised as a con- 
venient means of measuring temperature. (All. 1918, 724) 


10. What is the temperature of a gas whose Pressure is 18663 cm. of Hg. 
if its pressure at 0°C. is 100 cms. of Hg. the volume remaining constant. Given 
the pressure co-efficient of the gas= 0003663. (Vis. U. 1954) 

[Ans. 100°C] i j 

ll. A uniform vertical glass tube open at the top and closed at the bottom 
contains air and a pellet of mercury 3:0 cm. long. The lower end of the 
pellet is 305 cm. above the bottom of the tube when the tube is at a tem. 
perature of 5°C. How far will the pellet rise, if the tube is heated to 100°C. ? 


Utkal, 1952, "54 
[Ans. 4083 cm.] ( ) 
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12. What is meant by ‘absolute temperature’? Find the value of the 
absolute zero on the Fahrenheit scale. (Pat. 1928; G. U. 1951; C. U. 1938, '49) 

[Ans. —4594°F.] 

13. Why is it necessary to take account of the pressure of a gass in 
determining its coefficient of cubical expansion ? 

200 c.c. of air at 15°C, is raised to 65°C. Find the new volume, the 
pressure remaining unchanged. (C. U. 1915) 

[Ans. 2347 c.c,] 

14, A gas at 13°C. has its temperature raised so that its volume is doubled, 
the pressure remaining constant, What is the final temperature? (Dac. 1933) 

[Ans. 299°G.] 

15. Find the percentage increase of pressure in the tyres of a bicycle taken 
z out of the shade (59°F.) into the sun (95°F.) disregarding the expansion of the 
rubber. r 

[Ans, 7%] 

16. At what temperature would the volume of a gas initially at 0°C., be 
doubled, if the pressure at the same time increases from that of 700 to 800 
millimetres of mercury ? (C. U. 1918) 

[Ans, t=351°C.] 

17. What volume does a gram of carbonic acid gas occupy at a temperature 
of 77°C., and half the standard pressure? (l c.c. of carbonic acid weighs 
0:0019 gram. at 0°C., and standard pressure.) (C. U. 1912; cf. 1918, 588) 

[dns, 1349 c.c. nearly.) 

18. At 22°C. and pressure of 74 cm. the volume of a given mass of gas 
was found to be 5402 c.c. On cooling to 0°C., the volume became 498 c.c., 
the pressure having risen to 75 cm. Find the coefficient of expansion of the 
gas. 

[Ans. 0:00368/°C.] 

19. State how the volume of a gas changes when its temperature: and 
pressure both change. (Dae. 1921, *38) 

20. Air is collected in the closed arm of Boyle's tube and the volume found 
to be $2 c.c, the temperature being 17°C., and the height of the barometer 
758 mm. while the mercury stands at 35 cms. higher in the closed arm than 
in the open one. What would be the volume of the air at 0°C., and 760 mm, 
pressure ? 

[Ans. 297 c.c.] 

21. A quantity of gas collected over mercury in a graduated tube is found 
to occupy 25 c.c. at 27°C. The level of the mercury inside stands 15 cm, higher 
than the level outside while the barometer stands at 75 cm, Find the volume 
that the mass of the gas would occupy at a pressure of 745 cm, of mercury 
and at a temperature of 32°C. 

[Ans. 205 c.c. approx.] 

22. Establish the relation PY=RT for a gas. 

(Mysore, 1952 ; East Punjab, 1953 ; C. U. 1950; U. P. B. 1951 ; M. B. B. 1952) 

Given that one litre of hydrogen at N.T.P. weighs 0896 gm., calculate 
the value of R for a gramme of the gas. (C. U. 1938; R. U. 1959) 

Write down the value of the gas constant, (G. U. 1950; R. U. 1945) 

[Ans. 415x107 ergs/°C.; 83x107 ergs/°C.] 

23. Assuming the perfect gas equation to hold for carbon dioxide, cal- 
culate its gas constant R, given that 22°4 litres of CO, weighs 44 gms, at N.T.P. 

[For 1 gm. of CO,] (Rajputana, 1945; U. P. B. 1947) 

[Ans. 188x106 ergs/°C.] 


= 
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24. The mass of 1 c.c. of hydrogen at 0°C., and 760 mm. pressure is 00000896 
gm. per c.c. What will be its mass per c.c. at 20°C. and 760 mm. ? 

[Ans. 00000835 gm. /c.c.] 

25. A litre of hydrogen at N.T.P. weighs 09 gm. What is the weight of a 
litre of this gas at 27°C. and 75 cm. pressure ? (East Punjab, 1952). 

[Ans.. 08 gm.] 

26. Compare the density of air at 10°C. and 750 mm. pressure with its 
density at 15°C. and 760 mm. pressure. 

[Ans. 54 : 53°77). 

27. On a certain day the barometer reads 76 cm, and temperature is 10°C. 
On being taken to the bottom of a mine shaft, where the temperature is 27°C., 
the barometer reading increases by 4 cm. Find the ratio of the density of the 
air at the bottom of the shaft to that of air on the ground level. 

[ Ans. 0993 : 1}. 

28. A flask is filled with 5 gms. of gas at 12°C. and then heated to 50°C, 
Owing to the escape of some of the gas, the pressure in the flask is the same 
at the beginning and end of the experiment. Find what weight of the gas has 
escaped. 

[Ans. 067 gm.) 


29. Write notes on the molecular motion in gases. (C. U: 1949). 
30. How do you account for the pressure of a gas in a closed space and on 
what factors does it depend ? (Pat. 1932). 


$1. Differentiate between Isothermal and Adiabatic changes with the help 
of simple illustrations. 
Obtain a relation between the isothermal and adiabatic elasticities of a 


perfect gas. (R. U. 1947). 
(Vide Art. 24, Part II). 


CHAPTER V 
CALORIMETRY 


66. Quantity of Heat :—If we take 10 gms. of water and raise 
the temperature from 10°C., to 20°C., then the quantity of heat 
required for this purpose will raise the temperature of 1 gm. of water 
through 100°G., or 100 gms. of water through 1°C. 


From this we find that the quantity of heat required to raise the 
temperature ofa substance through a given range depends on (1) its 
mass, (2) range of temperature, ie. on the number of degrees through 
which it is heated, and, we shall see later on, it also depends on (3) the 
nature of the substance. 


r 67. Calorimetry and Calorimeters :—Calorimetry means the 
Science of measurement of quantity of heat. It has come from the 
word Calorie which isa popular unit for quantitative measurement 
of that. The vessels in which the measurement of quantities of heat 
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j is carried out are called Calorimeters. These vessels are generally 

| made of copper. These vessels may be of different sizes and shapes. 

|- Calorimeters made of special materials are also available. Bvery 

calorimeter is provided with a stirrer made of the same material. The 

| stirrer is generally taken in the form of a wire ending in a loop which 

| is placed in the liquid used in the calorimeter and moved up and down 
for the stirring. 


68. Units of Heat :— 


(a) Calorie.—It is the C.G.S. unit for heat and is the amount of 

heat required to raise the temperature of one gramme of pure water 

’ through 1°C. This unit is called a calorie or gram-degree Centigrade 

Unit of heat. A calorie isa quantity which can be added, subtracted; 
multiplied or divided, just like any scalar quantity. 

i [ It is experimentally found that the quantity of heat required to raise the 
temperature of 1 gm. of water through 1°C. varies at different parts of the 
temperature scale, though the variation is small. So, the size of the calorie 
according to the above definition, is liable to vary. This has given rise to 
various definitions of a calorie, each of which seeks to fix up the size of the 
calorie in its own way. We must at least take note of two of these calories, 
One of them is known as the 15°C. calorie. It is equal to the heat required 
to raise 1 gm. of water from 145°C. to 15°5°C. In accurate calculations, the 
scientists prefer this unit to the other unit which is called the mean calorie. 
The mean calorie is equal to the heat required to raise 1 gm. of water from 
0°C. to 100°C. divided by 100. For ordinary calculations it is this mean calorie 
which is commonly used. Unless a great accuracy is required, one need not 
distinguish between the different values of calorie over the range 0°C. to 100°C. ] 


(b) The British Thermal Unit (B.Th.U., more recently, B.t.u,) 
or Pound-Degree Fahrenheit Unit is the amount, of heat required to 
raise the temperature of 1 pound of water through 1°F. 

1 therm. = 100,000 B.Th.U. 

(c) The Centigrade Heat Unit (C.H.U.) is the amount of heat 
required to raise the temperature of one pound of water through 1°C, 
Tt is a mixed unit and is largely used in Engineering. 

69. Relations between the Units of Heat :— 


1 lb. of water =453°6 gms. of water ; and 1°F. = §°C. 

“. 1 B.Th.U. =458'6 x § = 252 calories. 

Thus to convert from calories to B.Th.U. multiply the calories by 
1/252 ; and to convert from B.Th.U. to calories, multiply the B.Th.U.'s 
by 252. 

Again 1 Centigrade degree is $ ofa Fahrenheit degree, so C 


9. 


(Pound-Degree Centigrade Unit) =} or 1'8 B.Th.U. ; and 

pound = 453°6 gms., we havo, cal 

j One Pound-Degree Centigrade Unit (C.H.U.) =252 x a 
453'6 calories. ie 


ae 
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70. Principle of Measurement of Heat :—Take two beakers 
of the same size. Into one of them put 50 c.e. of water (mass = 50 gms.) 
at 40°C., and in the other 50 c.e. of ice-cold water. Now quickly mix 
the contents of the two beakers. It will be found that the final 
eet of the mixture is midway between 40°C. and 0°C. ag. 

°C. 


Again, if 100 gms. of water at 60°C. is mixed with 100 gms. of 
water at 20°C., the resulting temperature of the mixture will be 40°C. 


In this experiment we assume that (a) the quantity of heat gained 
or lost by one gramme of water taken in any temperature for a change 
of 1°C. is constant, i.e. it is the same whether the temperature changes 
from, say, 8)° to 31°, 80° to 81° or 55° to 56° ; (b) the exchange of heat 
takes place between the two quantities of water without any loss or 
gain of heat from any other causes. 


In other words, the heat lost by 50 gms. of warm water, is equal 

to the heat gained by 50 gms. of cold water, or again the heat lost by 

100 gms. of water in cooling through 20°C. (frum 60° to 40°) has 

"raised the temperature of 100 gms. of water through 20° (from 20° to 
40°). This is the main principle of the measurement of heat, i.e. 


heat lost=heat gained. 


-50(40—t)=50(t—0) ; or, 2000=100t; or, t=20°C. 

{ Note.—lf two masses m and mg are added, the resultant mass, m=m1-+-m, 
| if two quantities of heat Q) and Q, are added, the resultant quantity. 
= Q+ Qa; but temperaturë does not follow the addition law, viz., if two 
dies at temperatures 8, and @, are mixed up, the resultant temperature 9 
ee the mixture 1s not equal to 0, +6, ] 


Lp 


71. Specific Heat :— We have seen that by mixing 100 grams of 
water at 60°C. with 100 grams of water at 20°C., the resulting 
temperature of the mixture becomes 40°0. But if 100 grams of water 
sibs C. are mixed with 100 grams of turpentine at 20°C., the result- 
ng temperature of the mixture will be about 48°C. Thus, the heat 
pen out by the water in cooling through 13°C. is sufficient to raise 
the temperature of turpentine through 28°C. If any other liquid is 
pe the result will be different. Agvin, if equal masses of different 
metals are heated. to the same temperature, and then each of them 
is separately dropped into a beaker containing water at the room 
temperature, the mass of water in ech beaker being the same, it will 
be found that the water in the beakers will be raised to different 
temperatures. On calculating the quantity of heat in each case, it 
will be found that different metals give out different amounts of heat 
in cooling through the same range of temperature. It is also evident 


\ ; aes 


CALORIMETRY 397 


that these metals absorb different amounts of heat when heated through 
the same range of temperature, ; 


Expt.—Place a number of balls of different metals, say lead, tin, 
brass, copper, iron, and of the same mass, say m gms., ina vessel of 
boiling water. After a few minutes 
remove the balls and place them on 
athick slab of paraffin. The balls 
will melt the paraffin, but not to 
the same amount (Fig. 35). The 
ball which absorbed the greatest 
heat will of course, sink farthest 
into the paraffin. 


Since the mass m and the rise Fig. 86 
7 of temperature ¢ are the same in each case, there is some speci fic 
; prop.riy of the substances on which the quantity of heat taken up ; 


by each of them depended. The specific heat of a substance refers to 
this specific property of the substance. 


The heat H required to raise the temperature of m gms. of water _ 
through ¢’C =mt calories. 


The heat required to raise m grams of mercury through the same 
Tange of temperature (4°C.) is much less than mt calories. 


If H’ denotes this amount of heat, we have, H's mt: or H'= 
$X mt, where s depends upon the specific property of mercury. 


72. Definition of Specific Heat t—Specific heat is ‘defined in ~ 
different books in either of the following two ways. The modern 
view is for accepting the second definition. 


(i) The specific heat of a substance is given by the ratio of the 
quantity of heat required to raise any mass of the substance through 
any range of temperature to the quantity of heat required to raise an 
equal mass of water through the same range of temperature. 


eed 


(ii) The specific heat of a substance is the quantity of heat 
required to raise the temperature of unit mass of it through one degree. 


Note.— 


(i) According to the first definition, the specific heat is a mere 

number involving no unit for it, i.e. in both the 0.4.8. and F-.P.S. 

| units the value of the specific heat of a substance is the same. Thus if 
| m be the mass of a substance and s its specifiic heat, 


| amount of heat reqd. to raise m gms, of substance through °C. 
= amount of heat reqd. to raise m gms. of water through /°0, 
Similarily, in British units 
amount of heat reqd. to raise m lbs. of substance through £F, 
» * amount of heat reqd. to raise m Ibs. of water through £F. 
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2 But the amount of heat required to raise m grams of water through 
t’ O is mt calories. 


Therefore, the amount of heat required to raise m grams of a 
substance through °C =m Xs Xt calories. 


Similarly, the amount of heat required to.raise 7 pounds of a 
substance through f°’ F.=mX sX t B. Th. U.'s. 


Thus, the amount of heat required to raise the temperature of a body 
= Mass x Sp. heatXRise of temperature (Calories, or B.Th.U.’s). 


Example.— 


(i) The specific heat of iron is 0'11. This means that O11 
calorie will raise the temperature of 1 gm. of iron through 1°C., or 
that 0°11 B.Th.U. will raise the temperature of 1 lb. of iron through 
1°F, or that 0°11 pound-degree centigrade unit of heat will raise the 
temperature of 1 lb. of iron through 1°C. Similarly, 1 gm. of iron 
cooling through 1°G. will give out 0°11 calorie of heat. 


(ii) According to the second definition, the specific heat is not 
a number, but a quantity of heat, i.e. it is expressible in some unit. 
Tn the C.G.S. system its unit is cals. per gm. per “C., whereas in the 
EPS. unit, its unit is B.Th.U.'s per lb. per °F. Thus, the quantity 
of heat required to raise the temperature of a body=mass * sp. heat 
X rise of temperature (Calories, or B.Th.U.’s). 


73. Thermal Capacity :—The thermal capacity of a body is 
the quantity of heat required to raise the temperature of the body 
through 1°. 


It m be the mass of a body ands its specific heat, the thermal 
capacity of the body=ms units of heat. In the 0.G.S. system where m is 
in gms. and temp. is in °G., the thermal capacity =™ms calories. 


The specific heat of a substance gives the thermal capacity ofa 
body per unit mass. 

Example, The densities of two substances are as 2:3, and their specific 
heats are 0'12 and 0°09 respectively. Compare their thermal capacities per 
unit volume. (G. U. 1929, 34) 

‘Let the densities of the two substances be 2x and 8x respectively. There- 
fore, the mass per unit volume of the first substance is 2x gms., and that of 
the other is 3x gms. Hence the thermalcapacity per unit volume of the first 
substance=2x x012 ; and that of the second substance= 3x x 0'09. 


Thermal capacity of the first substance 2% x012 _ 8 


+: Thermal capacity of the second substance 8¢x0'09 9° 


74. Water Equivalent :—The water equivalent of a body is the 
mass of water which will be heated through 1° by the amount of heat 
required to raise the temperature of the body through 1°. 

Tf m gms. be the mass of a body and s its specific heat, the 
amount of heat required to raise the temperature of the body through 
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1°0.=ms. calories. This amount of heat will raise ms grams of water 
through 1°C. 


<. Water equivalent of the body = ms grams. 


So thermal capacity of a body is numerically equal to its water 
equivalent. 


75. Determination of the Water Equivalent of a Calorimeter: 
Dry the calorimeter and weigh it along with a stirrer of the same 
material. Fill the calorimeter to about one-third with cold water, 
note its temperature and weigh it again, and thus get the weight of 
water taken. To this add quickly about an equal quantity of hot 
water after correctly noting its temperature. The temperature of this 
water should not be very high, otherwise the loss of heat due to 
radiation ete. (which has not been considered in the following calcula- 
tion) shall have to be accounted for. Now stir the mixture and note 
the final temperature. When cold, weigh the calorimeter again to get 
the weight of water added. 


Let mass of cold water=m gms.: mass of hot water =m’ gms. ; 
temperature of cold water=,°C.; temperature of hot water =t,°O, ; 
common temperature of the mixture=7°0.; water equivalent of the 
calorimeter and stirrer = W gms. 


Heat lost by m’ gms. of hot water in cooling through (ża -2)°C, 
=m'(tg-t) calories. Heat gained by m gms. of water in rising 
through (¢-¢,)°C. = m(t- t1) calories. 


Heat gained by calorimeter and stirrer in rising through (¢-t,)°0, 
= W(t-t,) calories. Now, we have, 


total heat lost = total heat gained. 
ie, m'(ta-t)= Wlt-ts)+m(t-t,) 


J m(ta=t)_ 
ry WS Gea) 


Errors and Precautions.—Heat may be lost by the hot water 
when being poured into the calorimeter, and moreover, the hot 
mixture will lose some heat through radiation. Due to both the 
accounts, the final temperature will be too small. Again, unless the 
temperature of the mixture is small the loss of water by evaporation 
‘will be appreciable. 


The loss of heat by radiation from the mixture may he eliminated 
by adopting Rumford’s Method of Compensation. In this mothod 
the initial temperature of the water is taken as many degrees below 
that of the atmosphere (by addition of ice-cold water) as the final 
temperature of the water after mixture will be above that of the 
atmosphere. So the heat lost by radiation from the calorimeter aftor s 
mixture will be exactly compensated forby the gain of an equal F 
quantity of heat by the calorimeter and its contents before mixture.  —_ ; 


400 INTERMEDIATE PHYSICS ` 


716. Specific Heat of a Solid (Method of Mixtures) :— 


Re mault’s A aratus :-—The complete outfit of this apparatus 
2 Pp: 
consists of a steam heater H 


seated on a stool around a hole 
and a calorimeter C,C., ther- 
mally screened from the heater 
by means of the vertical parti- 
tion P which can be moved up 
or down according to necessity 
(Pig. 37). The method is to 
heat the given solid in the steam 


and then to drop the heated 
solid into the calorimeter 
(containing some liquid), the 
maximum temperature after 
mixture being noted. By equa- 
ting the heat lost by the solid 
to the heat gained by the calo- 
rimeter and its contents, the sp. heat of the solid is determined. 


Fig, 87—Regnault's Apparatus. 


The heater S is a double-walled steam jacket (Fig. 38), the inner 
wall being A and the outer wall B. The 
inner chamber AA of the heater is open 
at both ends, the upper end being closed 
by a cork C. In the special type of heater 
shown in Hig. 33 the lower end of the 
heater is closed by a sliding wooden 
platform. It is heated externally by a 
current of. steam from a boiler which 
enters the steam-jacket through the inlet 
‘Lı and passes out through the exit Da. 
The solid is suspended into the inner 
chamber by means of a slender thread as 
shown, and the temperature of the chami- 
ber when steady (and so the temperature 
of the solid) is taken from the thermometer 
Tı inserted vertically through a hole 
in the cork. 

The calorimeter 0,0, (Fig. 87)isa Fig. 88—Steam-heater. 
copper vessel placed inside another, but 
insulated from each other by means of cork or cotton wool pads— 
both being placed inside a wooden box not shown in the figure. The 
thermometer Tə held vertically in the calorimetric liquid gives the 
temperature of the contents of the calorimeter. When the solid 
is heated in the heater, the shutter is slided down to protect the 
calorimeter from the heat of the heater. 


heater to a constant high temp. ' 
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Method.—When the temperature of the solid becomes steady, the 
partition P is raised, the calorimeter O (Big. 37)is pushed into a 
Position vertically under the heater S, the sliding wooden platform 
at the bottom of the heater is turned out, and the suspending thread 
is cut whereon the solid drops into the liquid in the calorimeter, The 
calorimeter is then taken out, and the liquid is stirred well. The 
maximum temperature of the mixture is noted from the thermometer 

Pa 


[Fig. 39 represents a section of another very simple form of steam- 
heater for determining the specific heat of a 
Solid. It consists of a fixed metal tube P 
bent at an obtuse angle and fixed inside a 

* steam or water Jacket. Another movable 
tube A is placed into the vertical part of P 
which is closed at the top by a cork carrying 
a thermometer T. In the beginning, the 
specimen § is dropped into this tube by 
removing the cork, and when the tempora- 
ture becomes steady this upper tube A is 
lifted and the specimen S at once falls out 
of the heater into a calorimeter placed at 
the lower end of P.] 


Caleulation.— Let the mass and the sp, 
heat of the solid be m and s respectively i 
and its steady temperature in the heater Ba Fig. 39—Steam-heater, 
Suppose the mass of liquid in the calorimeter is w, and sı, its sp. heat, 
and ¢,, its initial temp. If W= water eqy. of the calorimeter and 
stirrer and ¢, the maximum temp, of the mixture, we have, from 
the principle of heat loss equal to heat gain, 

m.s.(te = t)= (w.s, + W) (t—t,). 
js g = a t W) (t-t) 

That is s PER) t} 

Advantages of Regnault’s Arrangement.— The chief points 
are : (1) the hexting of the Solid to a fixed temperature without contact 
with moisture, (2) the rapidity of transfer of the hot solid to the 
calorimeter so that the heat lost in transit. is minimum, (3) the 
protection of the calorimeter from the heating unit: 


(Note —It is to be noticed that the water equivalent of the 
calorimetric liquid acts in the same way as an additional quantity 
of water equal to wX s, gms.) 


Sources of Error.— 


(1) Some heat is lost due to’ radiation (vide Chapter VID), 


Which should be taken into account. 


This may be corrected, toa certain extent, by previously ređucing 
+ the temperature of the liquid in the calorimeter as much below the 
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room temperature as the final temperature would be above (Rumford’s 
Method of Compensation, Art. 75) the temperature of the room. 


So, the loss of heat by the calorimeter during the second half of 
the expt. is compensated for, by an equal gain in the first half. 


The outer and inner surfaces of the calorimeter are very often 
polished by which loss of heat by radiation is reduced to some 
extent. 


(2) Some heat is lost in transferring the hot solid from the 
steam-heater to the calorimeter; so an arrangement is made for 
dropping the hot solid directly into the calorimeter by bringing it 
under the steam-heater. 


Some heat is also lost in heating the thermometer. 


(3) The water equivalent of the calorimeter and stirrer should 
be taken into account in calculating the amount of the heat gained. 


(4) The thermometer should be very sensitive, say Braduated to 
ts or tth of a degree centigrade. 


(5) The change of temperature of the water in the calorimeter 
should be observed very accurately, as the accuracy of the result 
depends more on the accuracy with which the change of temperature 
of the water in the calorimeter is noted, and not so much on the 
accuracy in weighing. 


(6) The thermometer used in the steam-heater should be 
corrected for the boiling point. 

Examples. (7) A piece of lead at 99°C. is placed in a calorimeter contain. 
ing 200 gms. of water at 15°C. The temperature after stirring is 21°C. The 
calorimeter weighs 40 gms. and is made of a material of specific heat 0°01. Calcu- 
late the thermal capacity of the piece of lead. 

Ans. Let G be the thermal capacity of the piece of lead. 

Heat lost by the lead piece=C(99—21) cal. 

Heat gained by calorimeter and water=40x0-01 x (21—15)+-200(21—15) cal. 

Heat lost=heat gained. Therefore, 

G(99—21)= (400014200) (21—15)=200'4x6, whence C=15'4 calories. 

_ (2) An alloy consists of 60% copper and 40% nickel. A piece of the alloy 
weighing 50 gms. is dropped into a calorimeter whose water equivalent is 5 gms. 
The calorimeter contains 55 gms. of water at 10°C. If the final temperature is 

20°C., calculate the original temperature of the alloy. [Sp. ht. of copper=0:095 ; 
sp. ht. of nickel=0-11 }. 


Ans. The mass of copper in the alloy =$ x 50=380 gms., and 


the mass of nickel in the alloy =<) x50=20 gms, 


Let ¢°C. be the original temperature of the alloy, then 


heat lost by copper=30x0'095 x(¢—20) cal. ; heat lost by nickel=20x 0" 
x (¢—20) cal. ; heat gained by water =55 x (20—10) cal. Byers dei 


Since, heat lost=heat gained, 
(¢—20) {(80 x 0'095) + (20 x 0°11)}=(20—10) (55 +5), whence ¢=138'8°C, 


a 
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(3) Equal volumes of mercury and glass have the same capacity for heat. 
Calculate the specific heat of a piece of glass of specific gravity 2'5, if the 
Specific heat of mercury is 0°0333 and the specific gravity, 13°6. (Pat. 1922), 


Ans. Tet the volume of the piece of glass=V c.c., then its mass=Vx2°5 
gms. and the mass of V c.c. of mercury =X 18'6 gms. 


Capacity for heat of V c.c. of glass (H,)=Vx2'5xs (where s is the sp. ht. 
of glass). Capacity for heat of V c.c. of mercury (H,)=Vx13'6 x0'0338, 

We have, A, = H,. 

21876 x 0'0388 
2'5 

77. Measurement of High Temperature by Calorimetric 
Method :—In principle the method is the same as the method of 
mixtures as explained in Art. 76. 

A solid of known mass and sp. heat, preferably a good conductor 
of heat such as a metal, whose melting point (vide Art. 95), is much 
greater than the temperature under measurement, is placed in .con- 
tact with the source of high temperature. After an interval of time 
when the solid has attained the constant temperature of the bath, it 
is taken out and immediately dropped into a calorimeter containing 
sufficient water to cover the solid, and the rise of temperature of the 
water is determined with a sensitive thermometer. 


vs Vx2'5xs=Fx13'6x0'0333; =0'181. 


Let the mass of water taken = 


EOE RET] ih} y =w 
Water eq. of calorimeter and stirrer =W 
Specific heat of the solid =8 
Initial and final temperatures of water =t}, ta 
Unknown temperature of the bath =i 


We have w.slt—ta)=(m.1+W)ts—tı) whence ¢ can be 
calculated. 

Example. In order to determine the temperature of a furnace, a platinum 
ball weighing 80 gms. is introduced into it. When it acquired the temperature’ 
of the furnace, it is transferred quickly to a vessel of water at 15°C. The 
temperature rises to 20°C. If the weight of water together with the water 
equivalent of the calorimeter be 400 gms., what is the temperature of the 
furnace? (Specific heat of platinum=0°0365.) 

Ans. Tet C. be the temperature of the furnace. The heat lost by the 
platinum ball in falling from #C. to 20°C.=80x0'0365 x(t—20) cal. 

and heat gained by calorimeter and water =400(20—15) cal. 

a. 80% 0'0365 x (¢—20) =400(20—15) ; whence t=705°C, (nearly), 

78. Heating (or calorific) Values of Fuels :— “The heating 
or calorific value of a sample of coal is 12,000 B. Th. U. per pound"— 
simply means that the heat given by the complete combustion of 
one pound of coal of that particular sample is 12,000 B. Th. U. The 
heating value of any other fuel—solid, liquid, or gas—can be similarly 
expressed. 

For accurate determinations of calorific values of fuels, spacial 
fuel calorimeters such gas the Bomb calorimeter, Bunsen’s gas 
calorimeter, Junker gas calorimeter, etc. have been devised. 
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Bomb Calorimeter.— 


The calorific value of a solid or that of a liquid fuel is usually 
determined with the help of a bomb calorimeter. 


A small quantity of the fuel (powdered if solid) is taken in a 
crucible and placed inside a steel vessel, called the bomb. The bomb 
is* provided with a gas-tight lid and is filled with oxygen at high 
pressure to ensure complete combustion of the fuel. The bomb is 
immersed in water contained in an outer vessel which acts as the 
calorimeter. The calorimeter is carefully insulated so as to prevent 
any heat to leak away from it. The fuelis fired by means of a wire 
Placed in contact which is heated to red heat by passing olectric 
current. The heat of combustion is taken up by the calorimetric 
liquid whose initial temp. and the maximum temp. attained are 
noted by means of a sensitive thermometer, say a Beckmann thermo- 
meter. Knowing the water equivalent of the calorimeter and the 
bomb, and the mass of water used as the calorimetric liquid, the 
amount of heat produced by combustion. is calculated when the 
calorific value of the fuel is determined. . 


79. Specific Heat of a Liquid :— 


(a) By the Method of Mixtures.— The method is the same as 
Regnault’s method as explained in Art. 76. An auxiliary solid, 
which is not chemically acted on by the liquid and whose specific 
heat is known, is to be taken. Using the same notation as in Art. 
76, we have, by the principle of loss of heat equal to gain of heat, 


mslta—i)=(ws1 +W) (=t) 
That is, _ mste—t) W 


pS aint) ~ 

__ [ Note—The specific heat of a liquid can also be determined by mixing it 
_ With a known quantity of water, but this method is not applicable when there 
48 any chemical action between them, or when they do not mix well. ] 


(b) By the Method of Cooling :— 


The method is based on ‘Newton’s Law of Cooling’ which states 
that the rate of loss of heat by a body is proportional to the mean 
difference of temperature between the body and its surroundings. If a 
hot liquid is kept in an enclosnre at a lower temperature, its rate of loss 
of heat must therefore, depend on (i) the temperature of the liquid, 
ii) temperature of the enclosure, and (iii) area of the exposed surface, 
and nature and extent of the surface of the containing vessel. If 
these conditions are indentical for, say, two different liquids, their 
rates of loss of heat will be equal, irrespective of the natures of the 
two liquids. 


Expt.—Half fill a calorimeter with the given liquid warmed to a 
temperature, say, 70°C., i.e. sufficiently above the room temperature. 
Place the calorimeter on a non-conducting support. Stir the liquid 
well and note the time taken by the liquid to fall through a certain 
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range of temperature. Repeat the above expt. by taking an equal 
volume of water initially at the same temperature in the same vessel 
80 that equal surfaces are exposed to air and to the calorimeter. Thus 
the two liquids are allowed to cool under similar circumstances. Stir 
well. Note the time taken by the water to cool through the same range 
of temperature. 
Caleulation.— 
Suppose, mass of liquid taken = w 
” » » Water , =m 
4 water equivalent of calorimeter and stirrer= W 
$ Time taken by liquid to cool from 9, to 0g=t1 sec. 
” soy WOT yyy n =e. 
Specific heat of the liquid=s, 


-. Rate of loss of heat of liquid and ca'orimeter 
_ (0.8. + W) (01 = 00) 


ty 
and rate of loss of heat of water and calorimotor= "1+ Wo, — 0a) 
la 


The conditions of cooling being identical, the two rates of cooling 
are equal. That is, 


(w.s+ W) (04 z603) E (m+ W)(01- Os). 


ty ts 
mtw w 
OA ts w 


Note that the rates of loss of heat are equal and not the rates of fall 
of temperature. 


For a fuller discussion of Newton's Law of Cooling, read Art. 155, 
Chapter VIII. 


Examples. (/) 200 gms. of water at 98°C. are mixed 200 c.c, of milk 
of density 1'03 at 30°C. contained in a brass vessel of thermal capacity equal 
to that of 8 gms. of water, and the temperature of the mixture is 64°C. Find 
the sp. ht. of milk. , (C. U. 1925). 

Ans. Wt, of milk =(200 x 1°03) gms. : heat lost by water =200(98 —64) calories. 

Heat gained by milk =(200 x 1°08) xs(64—80), where s=sp. ht. of milk. 

Heat gained by brass vessel =8(64—30). .'. 200 x34 = [(200 x 1'03 x s) +8]34. 

Hence s =0'98 (approximately). 

(2) Three liquids of equal weights are thoroughly mixed. The specific heats 
of the liquids are Sp Sp Sp and their temperatures t:°, t;,', and t respectively. Ñ 
Find the temperature of the mixture. j 

Ans. Let T° be the temperature of the mixture of two of the liquids, haying 
specific heats s, s, and temperatures t;°, t°, respectively. Then, if m be the 
mass of each liquid, and T> t, we have, 


G m.8,(T—t,)=m.8q(ta—T) ; or, T(8, +83) =51t, +S3ts ; oF, Tahite (1) 78s 


sitsa 2 i 
F 
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Now, mix the third liquid and let T; be the final temperature which is 
greater than T but less than tẹ then we have ms, (T;—T)-+ms(T,—T)= 
ms, x (ts—T}). 


t t 
or, Tils, 455-45.) cats +2(ex #55) sata + SEE x (o, 55) from (1) 
(GURIA RAA] 
=Sts +52, +58,¢, ; whence T, eee aa sf, 


(3) The specific gravity of a certain liquid is 0'8, that of another liquid is 
05. It is found that the heat capacity of 3 litres of the first is the same as that 
of 2 litres of the second. Compare their specific heats, (Pat, 1926), 

Ans. Volume of the first liquid = 3000 c.c. ; mass of the first liquid = 3000 x 0: 
=2400 gms. Volume of the second liquid=2000 c.c.; mass of the second liquid 
=2000x0'5=1000 gms. r- 

Heat capacity of the first liquid, H, =2400 xs, (where s;=sp. ht. of the 
first liquid) ; heat capacity of the second liquid, H,=1000xs, (where s, =sp. ht. 

of the second liquid). 
81_1000_ 5 


We have, Hy=H,. .°, 2400xs;=1000Xs,. .”, s, 72400 “19° 
a 
(4) A mixture of 5 kgms. of two liquids A and B is heated to 40°C. and 
then mixed with 6 kgms. of water at 767°C. The resultant temperature is 10°C. 
If the specific heat of A is 0°1212, that of B is 0'0746, find the amount of A and 
B in the mixture. 
Ans. Let x be the amount of A, and y, the amount of B, then x+y=5 
kgms. eer set wae et) 
Heat lost by a kgms. of A =a x 1000 x 0°1212 x (40—10) calories. 
' Heat lost by y kgms. of B=y x 1000 x0°0746 x (40—10) calories. 
Total heat lost by the mixture =(3°636« +2'238y) x 1000 calories. 
Heat gained by water =6 x 1000 x (10—7°67) =18980 calories. 
Hence, 36360 +2238y =13980 ; But e=5—y...... from (1). 
c. 8686(5—y) +2238y =13980 ; from which y=3"0043 kgms. 
s. ©=5—8'0043 =1°9957 kgms. 
80. Specific Heat of Gases :— When heat is applied to a gas, 
‘the rise of temperature may by accompanied by an increase of pressure, 
or volume, or both. It may, however, be so arranged that while 
_ temperature rises either the pressure or the volume remains constant. 
In the case of a constant pressure air thermometer (Art. 49), the 
Pressure is kept constant while the volume increases with the rise 
of temperature. In case of a constant volume thermometer, the 
volume is kept constant while the pressure increases with the rise 
of temperature (Art. 50). Therefore when the mass of a gas and the 
amount of heat taken to raise temperature through a certain range 
are known, the specific heat of the gas can be calculated at constant 
Pressure, or at constant volume, as the case may be. 


The Specific heat of a gas at constant volume (Co) is the 
amount of heat required to raise the temperature of unit mass of the 
gas through 1°, the volume being kept constant. 


The Specific heat of a gas at constant pressure (0p) is the 


amount of heat required to raise the temperature of unit mass of a 
gas through 1°, pressure being kept constant. 
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81. Op i8 greater than Cy :—Suppose 1 gm. of a gas is taken 
which is to be heated through 1°0. A definite quantity of heat will 
be required for the purpose when the gas is heated only but not 
allowed to expand, i. e. when the volume is kept constant and the 
pressure increases. Again, if the gas be heated and allowed to expand 
at constant pressure, i.e. when the pressure is kept constant and the 
volume increases, heat is necessary not only to raise the temperature 
of the gas, but also for the reason that the expanding gas does some 
work against the external pressure whi'e in the first case no such 
work is done. Thus, at constant pressure, in addition to the heat 
required to raise the temperature through 1°C. at constant yolume, 
some additional heat must be necessary to supply the energy for the 
work done during expansion against the external pressure. Hence the 
specific heat of a gas at constant pressure (Cp) is greater than the 
specific heat at constant volume (Ov). It is found that the ratio of 
the specific heat “of a gas at constant pressure to that at constant 
volume, which is ordinarily designated by Y (i. e. ¥Y=Cp/Opy) is equal 
to 1'41 im case of di-atomic gases, like oxygen, hydrogen, nitrogen 
air, etc, 167 for mono-atomic gases, while it is equal to 1°83 for tri- 
atomic gases. 


N.B. For solids and liquids, Cp and O» are practically the same, 
because, on heating, expansion in volume is very small. 


82, To show that Op— Ov -2 — 


The specific heat of gas at constant pressure (Op) is greater than 
the specific heat at constant volume (Cp) by an amount of heat 
equivalent to the external work done by unit mass of the gas when it 
is heated through 1° at constant pressure. 

Let us take one gram ofa gas at pressure P, dynes per sq. cm. in 
a cylinder fitted with a piston having a cross-section A sq. ems, Then 
the force on the piston=P,.4 dynes. Suppose the gas is now heated 
at constant pressure through 1°0. due to which the piston moves 
outwards through a distance a cms. So the work done by expansion 


= force X distance = P,. A X @ ergs. 

Now, the increase in volume of the gas for a rise of 1°0. = Ax @ 0.0: 
Suppose the volume of 1 gm. of the gas at O°C. and at pressure P, is 
V.¢.c. Then, 4 x æ= V./278, by Charles’ law. 

Therefore the external work done by 1 gm. of the gas fora rise 
of 1°0. = P x P, x AX x= P,V,/278 orgs. PS i (1) 

But from the gas equation, P.V.= KT., where T, is the absolute 
temperature corresponding to 0°C. and is equal to 278. 


 K=P.V./T.=PVJ213. os : i (2) 


Comparing (1) and (2) it is found that the external work done by 
1 gm. of the gas for rise of temperature 1°C. is K ergs. or K/J calories. 
In other words, Op- Ov = K/J. 
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If Op and Ov are taken for a gm.-molecule of gas, the gas constant 
K will be represented by the universal gas constant, R, and we have, 
Op - O= R/J. 


83. Consequences of high Specific Heat of Water :—From a 
table of specific heats it will be seen that mercury has a very low 
' specific heat (0°033), which is one of the advantages of using mercury as 
a thermometric substance, because it will absorb only a very small 
amount of heat from the temperature bath and so can lower the tem- 
perature of the bath only slightly. Water has a higher specific heat than 
any other liquid or solid. So, a larger amount of heat is necessary 
to raise the temperature of a given weight of water through a certain 
mange than is required by an equal weight of any other substance 
and that is why water is not suitable as a thermometric liquid. 
Moreover, its specific heat varies with temperature. 


Tho sea is heated more slowly than the land by the rays of the 
sun, the specific heat of sex water being higher than that of land; so 
during mid-day, the temperature of the coast will be greater than tho 
temperature of the sea, but after sun-set, the case will be just the 
reverse, because the sea cools more slowly than the land. For 
example, taking the specific heat of air to be 0'287, it is found that 
1 gm. of water in losing one degree of temperature would raise the 
temperature of 1/0°287 gms. (i.e.=4'2 gms.) of air through one degree. 
Again, because water is 770 times heavier than air, one cubie foot of 
water in losing one degree of temperature would increase the tempera- 
ture of 770x 4'2 or 323% cubic feet of air through one degree. From 
the above consideration it is clear that islands have a more equitable 
climate owing to the influence of the sea, which prevents the occur- 


tence of extremes of heat and cold, and so tha sea is called a 
moderator of climate. 


The effect of the difference in the specific heats of sea water and 
land manifests itself in the setting-up of convection currents in nature 
_ Producing land and sea-breezes (vide Chapter VIII). 


Owing to its sp. heat being high, water is preferably used in hot 
water bottles, foot-warmers and hot water pipes for heating purposes 
in cold countries. Moreover, it becomes less hot than any other liquid 
when kept in the sun. 


; 84. Latent Heat :—It is found that when a solid substance fuses, 
i e. changes from the solid to the liquid state, it absorbs heat without 
rise of temperature. Similarly, a liquid during the process of solidi- 
fication gives out heat without fall of temperature. The heat absorbed, 
or given out, per unit mass (1 gm. or 1 Ib.) of a substance during 
change of state (i. e. say, from the solid to the liquid or from the 
liquid to the solid state) at the melting point of the substance (Art. 95), 
is known as the latent heat of fusion at the temperature which is a 
characteristic of the substance. 
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The word latent means hidden; that is, the heat which has got 
no external manifestation, such as rise of temperature, is called latent 
heat, but When it raises temperature of the substance, it is called 
sensible heat. 


_ So, the Iatent heat of fusion of a solid may be defined as the quan- 

tity of heat required to change unit mass of the substance at its 
melting point from the solid to the liquid state without change of 

temperature. The same quantity of heat is also given out by unit 

mass of the substance at the same temperature in changing from the 

liquid state to the solid stvte without any change of temporature. 


: Latent Heat of Vaporisation.—Similarly, a liquid at its boiling 
point absorbs heat in order to be converted into vapour without rise 
of temperature. This heat is absorbed only to bring about the change 
of state. 


The quantity of heat required to convert unit mass of a liquid at 
its boiling point to the vapour state without change of temperature is 
called thelatent heat of vaporisation of the liquid at that temperature. 


The same amount of heat is also given out per unit mass of the — 
vapour of the liquid during condensation at the same temperature. 


Tt has been found that 585 calories of het are necessary to change 
one gram of water at 100°0. into steam without change of temperature. 
The same amount of heat is also given out by one gram of steam 
in condensing to water at: 100°0. ; or, in other words, the value of the 
latent heat of steam is 535 calories. This value will be 586 0.0.U. 
per Ib. and in B.Th.U., (535 x $)=964'8 B.Th.U. pet Ib. 


85. Units of Latent Heat in Different Systems of Mesurement: 
Thus the amount of heat required to convert 1 gram of ico at 0°0. 
into water at 0°C. is culled the latent heat of fusion of ice, or the 
latent heat of water at 0°C., the value of which is 80 calories per gm. 
This is also the quantity of heat given out by 1 gram of water at 00. 
in transforming to 1 gram of ice at od. 


Tf the thermil unit bə defined by using 1b. and 1°C. as units 
(C.H.U.) and 1 Ib. be used as the unit of miss, the latent heat of 
fusion of ico will also be 80 C.H.U. per Ib. 


Bat in pound-degrea-Fahrenheit units, the value must be larger in 


proportion to tho ratio of a degree C. toa degree F., i.e. 9 to-5, Hence 
the latent heat of ica in British Thermal Units per lb. =(80* 9)/5 = 144. 


That is. for latent heats, the value in calories per gram must 
be multiplied by ¢ to obtain the value in B.Th.U. por tb. 


“The latent heat of fusion of ice is 80” means that 80 calories of 
heat are necessary to convert one gram of ice at 0°O, from the solid- 
to the liquid state without change of temperature. me 
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Note.— This explains why, in cold countries, the thermometer 
may stand at 0°C. in winter without any ice being formed on the 
surface of a pond. The water must lose its latent heat before it can 
freeze. 


86. Reality of Latent Heat :—The reality of latent heat may 
be shown by mixing 100 grams of water at 80°C. with 100 grams of 
water at 0°C., when the final temperature of the mixture will be 40 0. 
But, if 100 grams of water at 80°C., be mixed with 100 grams of ice at 
0°O., the final temperature will be 0°C. All the heat given out by tho 
hot water in coming to 0°C, will be used up to convert the ice at 0°C. 
to water at. 0°C. So the final temperature will be 0°C. 


Note.— The value of the latent heat of steam is rather high, and 
this explains why burns from steam are so severe. These burns are 
more painful than those from boiling water because of the heat given 
out by the steam in condensing. 


87. Determination of the Latent Heat of Fusion of Ice :— 
Weigh a calorimeter and stirrer (w gms.) Half fill it with warm 
water at about 5° above the room temperature. Weigh the calorimeter 
with its contents again, whence the weight of water added is found 
(m gms.). Note with a sensitive thermometer the initial temp. (t,°C.) 
of the water in the calorimeter- A block of ice is broken into small 
fragments which are washed with clein water and dried by means of 
blotting paper. Get some of them and drop them into the calorimeter 
holding them not with finger but with the blotting paper. Stir well 
until all the ice is melted. Note the lowest temperature attained by 
the mixture (¢.°C.), which should not exceed 5° below the room 
temperature. Weigh the calorimeter and its contents again, whence 
the wt. of ice added is found( M gms.). 

The gain of heat takes place in two parts: (a) an amount of heat 
is necessary to melt the ice at 0°C. to water at 0°C., (b)a furthor 
amount of heat is required to raise the ice-cold water to tC. 

Heat lost by calorimeter and stirrer = (w.s +m) (t, — ta) eals., 

whereas s = sp. heat of the material of the calorimeter. 

„ Hert gained by ice in melting and by ice-cold water in rising to 
te C.= ML + M.l.ta cals. where L = latent heat of fusion of ice.” 


©. Ml+M.te=(ws+m) (ty -te), whence L = (wat m) (t cta) — te. 


_ Errors and Precautions.—(1) Fingers should not be used at the 
time of dropping the ice-pieces, for by so doing some ice will melt, 
and the melted ice, i.e. water, if added, along with pieces of ice, will 
appreciably affect the accuracy of the result. For example, if only 
0'1 gm. of water (and not ice) is added, there will be an error of 
0'1 x 80 or 8 calories of heat in the calculation. 


(2) The initial temperature of water is taken 5° above the room 
temperature and final temperature 5° below it in order that any 
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gain of heat from the surroundings by the calorimeter after addition 
of ice may be exactly compensated for by the loss of heat due to 
radiation by the calorimeter before addition of ice (Rumford’s method 
of compensation). 


(8) The ice, during the process of melting, should be kept below 
the surface of water, and not allowed to float, otherwise the portion 
above the water surface will absorb heat from the outside air, instead 
of from the water in the calorimeter, and the calculations adopted 
above will notapply. For this, use a wire-gauze stirrer. Oare should 
be taken so that no water particle accompanies the thermometer 
while removing it. 

Examples.—(/) Find the latent heat of fusion of ice from the following 

data : Weight of the calorimeter=60 gms. ; wt. of cal.4+-water=460 gms. 
Temperature of water (before ice is put in)=38°C. ; temperature of mixture 
=5°C. Weight of calorimeter+-ice=618 gms. ; sp. heat of the calorimeter=01. 
(C. U. 1918) 


Ans. Let E be the latent heat of fusion of ice ; mass of water = (460 —60)= 400 

gms. and mass of ice=(618—460)=158 gms. 

Heat lost by calorimeter and water = 60 x 0'1 x (88—5) +400 x (88—5) cal. 

Heat required to melt 158 gms, of ice and to raise the temperature of the 

water formed to 5°C. = 158L-+158(5—0) cal. 

s. 1584158 x5=(88—5)(6+400) ; whence 1 =79'8 cals per gm. 

(2) A lump of iron weighing 200 gms, at 80°C, is placed in a vessel contain. 
ing 1000 gms. of water at 0°C. What is the least quantity of ice which has to be 
added to reduce the temperature of the vessel to 0°C.? (Sp. ht. of iron=0112). 

(All, 1926). 


Ans. Heat lost by iron in cooling to 0°C, = 200 x 0'112 x 80= 1792 cal. 

The vessel containing 1000 gms. of water was formerly at 0°C. Now to 
absorb 1792 calories of heat given out by the lump of iron, the mass of ice 
required =1792/80=22'4 gms. 

(3) Find the result of mixing equal masses of ice at—10°C. and water at 
60°C. (All. 1916). 

Ans, Let m gms. of ice be mixed with m gms. of water; m gms of ice in 
rising to 0°C. from —10°C. will require mx05x10=5m calories (sp. ht. of ice 
=0'5). Again m gms, of ice at 0°C. in changing to water at 0°C, will require 80m 
calories, But the heat supplied by m gms. of water in cooling from 60°C, to 0°C. 
is only 60m calories. Out of this amount 5m calories are required to increase the 
temperature of ice from —10°C, to 0°C., and the rest, i.e. 55m calories, can turn 

55 
only gy ™ or i m gms. of ice into water at 0°C. Tho remaining: portion, 


ie. 2 m gus. of ice must remain as such. Thus, the Kaw uè mixture is 


that 11 part of ice will be melted into water and 3 par will remain as ice 
at 0°C. 
(4) What would be the final temperature of the i 


; ixture when 5 gm: 
t = 10°C. are mixed up with 20 gms. of water at 3™* . ht. 
fee ip & f jG? The va. U. 1926). 
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Ans, Let the final temperature be t°C. Heat gained by ice in going up to 
#°C. from —10°C.=5x0'5 x [0—(—10)]+5L+5(t—0). 

Heat lost by water=20(30—t) calories. Taking L=80 units, 

we have, 25+5x80+5t=20x(30—-#). «<. t=7°C. 

(5) The specific gravity of ice is 0'917 ; 10 gms. of a metal at 100°C. are 
immersed in a mixture of ice and water, and the volume of the mixture is found 
to be reduced by 125 c.mm. without change of temperature. Find the specific 
heat of the metal. (Pat. 1924). 

Ans. We know that volume varies inversely as density ; so when V c.c. of 
ice is changed into V’ c.c. of water, we have, 

ir alae Ne 

» ATS 5 r 
1:09 c.c. of ice becomes 1 c.c. of water (wt.=1 gm.) at the same tempera- f 
ture or, in other words, 1 gm. of ice in melting is reduced in volume by 0:09 c.c., 
and this requires 80 calories of heat. 

In the example, we have, the heat lost by the metal. 


=10xsx (100 —0) cal. =(1000.s cal.). (s=sp. ht. of the metal). 


0°917=sp. gr. of ice) =1°09 c.c. 


The reduction in volume of the mixture=125 c.mm, ee 


` i E E 
., The amount of ice melted = 8 +009 i8 


The amount of heat required to melt z gms. of ice= @ x 80 ) calories. 


25x80 . „= 25x80 
AR S 18 x 1000 
(6) What would be the result of placing 44 lbs. of copper at 100°C. in con- 
tact with 1} Ibs, of ice at 0°C.? (Sp. ht. of copper=0'095 and latent heat of 
fusion of ice=79). (All. 1918). 
Ans. 4} lbs. of copper at 100°C. in cooling to 0°C. gives out 44x 0095 x 100 
=4275 pound-degree °C, heat units (C.H-U.). 


To melt one pound of ice at 0°C. 79 pound-degree °C. heat units are 
required. 


By the example, we have 1000s= 


=0'11. 


.. The amount of ice raelted by 42°75 heat units=52°75/79=0'54 1b. 
Hence the amount of ice remaining unmelted = §—0°54=0'96 1b. 
So the result is 0°54 1b. of water at 0°C., and 0°96 1b. of ice at 0°C. 


88. High Latent Heat of Water :—The latent heat of water 
being high, the change from water to ice or from ice to water is a very 
slow process, and during the time the change takes place, much heat 
is given out or absorbed. Had the latent heat of water been low, 
(a) the water of the lakes and ponds would have frozen much sooner, 
thus destroying the lives of aquatic animals living therein. (b) Ico- 
tains would have melted very rapidly on rise of 
causing disastrous floods in the neighbouring 
of temperature of a place is delayed by the 
ar it and so the climate of the place is greatly 
0'1 x 80 or 8 calories oÑs of ice-bergs in the neighbourhood. 


(2) The initial taft :—The fact is that a *certain quantity of ice 
temperature and fini orbs 80 calories of heat for each gm. of it has 
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been applied in the construction of ice-calorimeters for the determina- 
tion of specific heats. 


Black’s Ice-calorimeter.—In the simplest form of an ice-calori- 
meter as used by Black, a large block of ice is taken, a cavity is 
formed in it, and a slab of ice is taken to cover is 
the cavity (Fig. 40). The solid (w gms.) of s 
which the specific heat (s) is required, is - 
weighed and heated to a constant tempera- 
ture (1°C.) in a steam-heater. On removing 
the slab, the water inside the cavity is soaked 
dry with a sponge, and the solid is quickly 
dropped into the cavity and covered by the 
slab. The solid melts some ice into water until Fig. 40—Black's 
its temperature falls to O°C. After a few Ice-clorimeter. 
minutes, the water formed in the cavity is removed by a pipette and 
the mass determined (m gms.). 


Heat gained by ice in melting to water at 0°C. ; 
=m, where L is the latent heat of fusion of ice. Heat lost by 
tho solid= w.s.t. 
Wists 


so mb=w.s.t. That is, L=— 
m 


The method may also be used to determine the sp. heat (s) of the 
solid, in which case the value of L is to be assumed. 


Note.—Though in this method there is no loss of heat by radia- 
tion, still it is not a very accurate method, for 


(a) the water formed in the cavity cannot be completely taken 
out ; and 


(b) during the time taken for dropping the solid inside the cavity 

some i'e may melt by absorbing heat from the atmosphere. 

Example. A litre of hot water is poured into a hole in a block of ice at 0°C., 
which is immediately closed by a lid of ice. After a time the whole is found to 
contain a litre and a half of ice-cold water. What was the original temperature 
of the water? 

Ans. Tet °C. be the original temperature. 

Mass of hot water =mass of a litre or 1000 c.c. of water=1000 gms. 

Mass of ice melted =mass of 500 c.c. water=500 gms. 

Heat lost by water=1000(f—0) cal. Heat frequired to melt 1 gm, of ice at 


0°C. to water at 0°C. is 80 calories. p 
Hence heat gained by ice=500x89 cal, .*. 1000ż=500x80 ; or, t=40°0. a 
90. Bunsen’s Ice-calorimeter :— 1 gm. of ice at 0°O. in melting 

to water at 0°C. decreises in volume by about 0'09 c.c. Bunsen y; 

has utilised this change of volume in the construction of a very deli- E 


cate calorimeter (Fig. 41). A thin-walled test tube B is fused into a 
wider tube 4, which is attached toa bent tube C, as shown in the 
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figure. The other end of the bent tube is fitted with a cork D 
through which passes a fine capillary tube T of uniform bore having 
ascale S along its horizontal part. The 
upper part of A is filled with pure and air- 
free distilled water and the rest of A and 
the communicating tube C with mercury. 


The apparatus is kept in a box, 
surrounded as completely as possible with 
melting ice. A mixture of some solid 
carbon dioxide and ether is placed in B to 
freeze some of the water in 4, forming a 
sheath of ice round its lower part. Now 
some amount of water is introduced into B ’ 
and the calorimeter is allowed to stand for 
a long time until the whole ofit is at 0°C., i 
Fig. 41—Bunsen's when the position of the mercury meniscus 

Ice-calorimeter. in T js read on the scale S after it is steady. 
A small lump of metal of mass ™ gm. at “GC. is then put into B. This 
melts some of the ice surrounding R and causes a contraction in 
volume, and the mercury meniscus is found to move towards D. By 
knowing the area of cross-section (a) of the capillary tube, the specific 
heat s of the metal can be calculated as follows :— 


When the metal bas cooled to 0°C., the heat lost by it = m.s.t. 
cal. This amount is sufficient to melt mst/L gm. of ice, where D is 
the latent heat of fusion of ice. 

Now, 1'09 ac. of ice becomes 1 c.c.. i.e. contracts in volume by 
0:09 c.c., when turned into water whose mass is 1 gm. 


Now L calories of heat will melt 1 gm. of ice into 1 gm. of water 
at 0°C., i.e. will cause a contraction of 0°09 c.c. i 


: 2 “. For a contraction of 1 c.c, the amount of heat required 


= ong etl Tf the mercury meniscus has moved a distance, say d cm. 
the decrease in volume is aXd, and for this, the amount of heat | 


necessary = ax TXE cal. This amount has been supplied by the metal. 


axaxD ,— 4%aXx5 
ro- > 2 * 009Xmxt 


heat of fusion of ice can be determined by this method. 


= mst= If sis given, latent 


Advantages and Disadvantages.— The disadvantage of this method 
is that it is difficult to set up the apparatus, but it is advan- 
tageous for the following reasons :—(a) The arrangement is very 
sensitive; (b) there is no loss of heat due to radiation ; (c) no calo- 
rimeter or thermometer is necessary ; (d) the specific heat ofa solid 
available in a very small quantity can be determined by this method. 
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Examples. (J) Determine the specific heat of silver from the following 
ta :— 


Weight of silver dropped=0'92 gm. ; Temperature of siluer=98°C, 
Distance travelled by the mercury thread=6 mm, 
Area of cross-section of capillary tube=1 sq. mm. 
| Ans. The diminution in yolume of the mercury thread =0'01 x 0'6 =0°006 0.0. 
0°006 x 80 
009x092 x 98 


l Therefore, from the above relation, we have s= =0'0591. 
| 


(2) 20 gms. of water at 15°C. are put into the tube of a Bunsen's ice 
calorimeter and it is observed that the mercury thread moves through 29 cms. ; 
12 gms. of a metal at 100°C. are then placed in the water and the mercury 

thread moves through 12 cms, Find the Specific heat of the metal. 
(All. 1920) 
Ans. The heat given out by 20 gms. of water at 15°C, in cooling to 0°C, 
=20x 15=300 cal. This produces a movement of 29 cma, of'the mercury thread. 
E .. Heat required for movement of 1 om, = 200 cal, and for a movement 


29 
5 of 12 cms, =12x 300 cal. This amount has been supplied by the metal, which ` 


i =12x100xs, where s is the sp. ht. of the metal. 
. i = 3 =0' 8 X, 
| .. 12X100xs= g o 05 s= 0'1 (approx.) 


(3) The diameter of the capillary tube of a Bunsen’s ice-calorimeter is 1'4 
mm, On dropping into the instrument a piece of metal whose temperature is 
100°C. and mass 11'088 gms., the mercury thread is observed to move 10 cms, 
Calculate the specific heat of the metal ; given the latent heat and densily of 
ice to be 80 and 0'9 respectively, (All. 1925) 


Ans. Mercury thread moves 10 cms. ; hence the volume of the mercury 
thread = r x (0'07)* X 10 c, c. =0'049r 6. c. 
Mass of 1 o. c. of ice=0'9 gm. .*, The volume of 1 gm. of ice=1/0'9=1'11 c. ©, 


But the volume of 1 gm. of water=1c.c. .', The diminution in volume when 
1 gm, of ice is melted, i, e, changed into water=1'11-1=0'11 ©. ¢. Hence to p 


Bene : 0049r 
duce a diminution of 0°0497 c.c., the mass of ice melted= ~~ —gm. and the heat 


O11 
: .. _ 0°049 
required for this= ETT] cal. 
This is equal to tho heat given out by the metal, which= 11'088 x100 xs cal 
-EE 049e » Lj 0r0t9x92%80 y 
e. 11'088 x 100xs= O11 x80, . “8 71°088 x 100% O11 x7 01 


91. Determination of the Latent Heat of Vaporisation of 
Water :—Take a clean and dry calorimeter (Fig. 42), and weigh it 
together with a stirrer made of the same material (w gms.) After 

i filling it with water up to about two-thirds, weigh it again whence the 
mass of water (m gms.) is obtained. The steady temp. (t1°0.) of the 
water is taken with a sensitive thermometer T inserted vertically. Boil 
some water in the boiler B, whose mouth is closed by cork through 
which a bent delivery tube 4 passes. The free end of the delivery 
< * tube is introduced into a steam trap which is really a water-separator. 
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Tt is a wide glass tube open at both ends which are closed by steam- 

5 tight corks. The delivery tube 
extends well into the trap. Through. 
the cork at the bottom, two tubes 
pass, one & drain-oft tube C for 
removing the collected water, and 
the other is an exit, being a straight 
tube D ending in a nozzle which 
dips into the water contained in the 
calorimeter. ‘The sereen P pro- 
tects the calorimeter from direct 
heating by the boilor. 


Bring the calorimeter under 
the exit tube D such that the 
nozzle goes well into the water 
jn it. After some time take away 
the nozzle quickly and note the 
highest temperature (°C) attained 
by the water. Remove the 
thermometer and allow the calori- 
meter and its contents to cool. Weigh the calorimeter with its 
contents again. The difference between the last two weighings gives 
the mass of steam condensed (M gms.). 

Calculation.—Let L be the Jatent heat of steam and s the sp. 
heat of the material of the calorimeter. Then, 


heat lost by steam in being condensed to water at t°C. 


=ML+M.1. (100-#) calories, assuming the temperature of steam 
to be 100°C, and, 


heat gained by the calorimeter and its contents in being raised 
From 1°40. to tC. 
= (w.s. + m)i- t4). 


Assuming het loss equal to beat gain, 
ML + M(100-#)= (w. s+ m\t- ti): 


That is L= (orim tci) - (100- å). 


Errors and Precautions.— If some part of the steam is condensed 
before entering into the calorimeter, the value of L will be low. 
The steam: trap js used in order that any condensed steam may not 
pass into the calorimeter. Moreover, due to sudden absorption © 
steam by the cold water in the calorimeter, if any water, from the 
calorimeter is sucked back, it is arrested by the steam-trap and not 
allowed to get into the boiler B. As a precaution against condensa- 
tion of the steam in passing along the delivery tube and the steam- 
trap, both the delivery tube and the steam-trap should be carefully 
lagged with non-conducting materials like cotton-wool or asbestos. ; 


CALORIMETRY 417 


(2) To reduce the effect of radiation, the water in the calorimeter 
should be initially cooled a few degrees below the room temperature 
and steam passed till the temperature rises through the same amount 
above the room temperature (cf. Rumford’s method of compensation). 

(3) To protect the calorimeter from direct heating, a screen P is 
to be placed between the boiler and the calorimeter. 


(4) The temperature of the water in the calorimeter after mixture 
should not be allowed to increase by more than 15°C., otherwise much 
water (and therefore much heat), will be lost by vaporisation. 


(5) Tf the issue of steam is too rapid, some water may be lost by 
_ Splashing, 

(6) The temperature of the steam should be determined in each 
case and cannot be taken as 100°C. without pressure correction. 

92. Joly’s Steam Calorimeter :—In 1886, Prof, Joly devised a 
very simple and accurate method of determining the specific heat 
of a substance with a steam calorimeter by the condensation of steam 
on the substance. His apparatus (Fig. 48) consists of a metal 
enclosure, A, called the steam chamber, into which steam is supplied 
through a tube T! near the top, the exit tube K being placed at the 
bottom. From one arm of a balance a fine vertical wire passes through 
a small hole H into the steam chamber carry- 
ing a small pan Pat the lower end. The body 
B whoso specific heat is required is placed on 
the pan P and its mass M is determined by 
placing weights on the other pan of the balance. 
The temperature ¢ of the body, that is, of the 
air in the chamber, is taken after B is placed for 
some time inside the chamber A, Then steam 
is admitted into the chamber which condenses 
on the body and the pan. Then mass mı of water 

| condensed on the body and the pan is deter- 
| mined by placing weights on the other pan of 
| the balance to counterpoise them. The final 
steady temperature ¢, of the chamber is taken 


after steam is passed for sometime. The body 
is now taken out and the enclosure is allowed 
to cool down to room temperature when the 
pan is dried. Steam is again passed into the 
chamber when it condenses on the pan only, y 
and the mass me of the condensed steam is Fig. 43—Joly's 
also determined as before. Then the mass of Steam Calorimeter, 
steam condensed on the body only is (m1 - me). 
Now, if s be the specific heat of the body, the heat gained by 
it= Ms(t,— 2). Heat lost by steam in condensation over the body 
=(m,-ms)L, L being the latent heat of steam. Then, we have, 
azm 
>? Msltı-t)=(mı-ma) L, whence s- aani, 


ec E 
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Tt is clear from the above experiment that the latent heat of 
steam L can also be determined, if s, the specific heat of the body 
is known. 


Tn order that steam might not condense on the suspending wire 
the wire is passed along the axis of a small spiral E of a platinum 
which is heated by passing an electric current through it. 


When the specific heat of a liquid is required, it is enclosed in a 
small metal sphere and the experimant is carried out as before. In 
this case the mass of the spherə and the specific heat of the metal 
should be known for calculating the specific heat of the liquid 
contained in the sphere. 


For determining the specific heat of a gas at constant volume Joly 
modified his calorimeter by suspending in the same steam chamber 
two hollow copper spheres of equal size from the opposite arms of 
the balance. One of the spheres was filled with the gas, while the 
other was oxhausted. The mass of the gas is found out from the 
weights placed on the upper pan on the other side and the mass 
of steam condensed due to the enclosed gas is obtained by the diffor- 
ence in weights of the steam condensed on the two pans after the 
temperature inside the chamber becomes constant. The calculation 
is made as before, 


92 (A). Experimental Determination of Co, by Joly’s diffe 
rential Steam Calorimeter :— Tho apparatus used [Fig. 48(A)] is 
similar in construction to the Joly’s 
steam calorimeter described in. Art. 92 
with the difference that here the 
thermal capacity of the pans PP or 
catch-waters, as they are called, is 
eliminated by a differential weighing 
method. 

From the balance pans pp, two 
pans or catch-waters PP are sus- 
pended in this apparatus in a doublo- 
walled steam chamber A (to keep 
the steam dry). There are two 
heating coils cc and the plaster of 
Paris coatings at the holes, HH, in 
order to reduce condensation of 
steam on the suspension of the 

pans. In addition, there are shields 

SELASA) fitted above PP to prevent the 

falling of the condensed water from 

the roof of the steam chamber on to the pans. Tand O indicate the 
inlet and outlet for the steam in the steam chamber 4. Two hollow 
copper spheres, aa’, of indentical sizə, weight and thermal capacity are 
taken on the pans, PP and counterpoised when no steam is allowed 


— se wer 


a 
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to enter the steam chamber A. Now one of the spheres, a’, is com- 
pletely evacuated and the other, a, is filled up with the experimental 
gas under high pressure. Again the balance is counterpoised. The 
difference in weights gives the weight of the gas enclosed in the sphere, 
a. Let m be this weight expressed in gm. molecules (i.e, wt. in gms. 
divided by the molecular weight). Now steam is introduced in A 
through the intet I and allowed to pass into it till the condensation 
is complete. This condensation is evidently due partly to the thermal 
capacity of the spheres and partly to that of the gas contained in a. 
Let 0, °O. and 92°C. be the temperatures of the steam chamber before 
the introduction of the steam and after the completion of condensa- 
tion respectively. These are recorded by a very delicate thermometer, 
When a steady value of 92°C. is obtained, the rate of steam flow is 
slowed down and the balance is again counterpoised and the new 
change in weight w gms. is noted, which is evidently the weight of 
the excess steam condensed on a. This w is due to excess thermal 
capacity of a arising out of the enclosed gas. 

If Cy be the gm. molecular specific heat of the gas at constant 
volume, the heat required to raise the enclosed gas from 94°O. to 0a 0, 
is given by Cx(02 - 01) calories. This heat has been given oub by 
w gms. of steam during condensation. 

mOv(02—01)=wL where L is the latent heat of steam. 


Oo=wL/m(6a—6:). 

Tn determining C» by the above method corrections are to be intro- 
duced for: (4) the expansion of the sphere a due to rise of temperature 
and inerease of internal pressure; here as the volume changes, some 
external work is done in expanding to this volume; (ii) the unequal 
thermal capacities of the spheres ; (iii) the increased buoyancy of the 
sphere due to the increase in volume at the higher temporature. In 
addition, a further correction arises due to the fact that the woight 
of excess condensed steam on a is taken in a moving medium (steam). 
So w in steam must be reduced to its corresponding yalue in vacuum. 

92 (B). Determination of Cp by Regnault’s method :—Thoe prin- 
ciple of Regnault’s apparatus for determining the specific heat of 


Fig. 43(B) 
a gas at consant pressure is given in Fig. 43(B), 
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The experimental gas under pressure is kept in a vessel Á of 
known volume (V c.c:) immersed in a constant temperature bath B 
whose temperature is recorded by a thermometer T,. The initial 
pressure P, of the gas is noted from the manometer M,. The gas is 
then allowed to pass through the controlling valve V at a constant 
pressure p, this constancy being ensured by the readings of the mano- 
meter Ma. This gas at constant pressure now passes through a spiral 
immersed in a hot oil-bath, O, whose temperature is kept constant ab 
oC. The hot gas at ¢ O. is then allowed to pass through a second 
spiral immersed in water contained in a calorimeter. The calorimeter 
is protected from direct heating by means of a sereen S. Let W be 
the water equivalent of the calorimeter and its contents and let 61 
and % be the initial and final temperatures of the calorimeter and 
contents as recorded by the thermometer immersed in it. Then heat 
gained by the calorimeter and contents during the passage of the gas 
is Wl0s— 01) If m gm. mols. of gas in all flow through the calori- 
meter at constant pressure and if Cp be the gm. molecular sp. ht. at 


lt 


“constant pressure, the heat lost by the gas is moso- a), 


SS n a a 


24 + 
oy mOr(o— 2% ) = Wlas — 01). 

Hence Cp can be determined if m is found out from a knowledge 
of the temperature, pressure, and volume of the gas in the container 
A before and after the experiment. 


; Calculation of m :—Since temperature T°A and volume V c.c. of 
the gas remain the same both before and after the experiment, it is 
only the pressure that changes from its initial value p, cms. to the 
final value pa ems. of Hg. Supposing the perfect gas law pV=RT 
to be valid in the case of the experimental gas, we can write 


piXV_16X Vo 
UA LIYE: 


where Vo is the vol. of the gas in the 


_ container at N.T.P. before the experiment. 


A 273p 7 
Lo PTET oo, <. The «initial mass of the gas= Vopo= 


273p: V : 
~r ®” gms. where po = density of the gas at N.T.P. 


Similarly, if Vo be the vol. of the gas in A at N.T.P. at the end 
of the experiment, we have, 


DoX V_i6x Vo . 


T TIRS 


i, 


or, Vo= ar oe 


ue? 


a 


ee 
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Hence the mass of the gis left after the experime nt is 
Vp __ 218p Vp, 
‘0 Po 


Hor aaa 
Hence the mass of the gas flowing out 
273V.. 


= Vape — Volos = “agp (Pa P2) sms. 


It M be the molecular weight of the gas, the mass of the gas 

flowing out during the experiment when expressed in terms of gm. 
c 2787p. 

mols. will = oran DIT Pa). 

s. will be m T6MT P! Pa) 

Examples. (I) Steam at 100°C. is allowed to pass into a vessel containing 
10 grams of ice and 100 grams of water at 0°C., until all the ice is melted and 
the temperature is raised to 5°C. Neglecting water equivalent of the vessel 
and the loss due to radiation etc. calculate how much steam is condensed. (The 
latent heat of steam is 536 and latent heat of water is 80.) (G. U. 1911) 

Ans. Let m be the mass of steam condensed. 

Heat lost by steam=m x536+m(100—5) cal. 


Heat gained by ice and water =10x80+10x5+100x5 cal. 

Heat lost=heat gained. .'. m(536 +95) =800+4+50+500; or m="? =9'18 gms, 

(2) What will be the resulting temperature if 5 gms, of ice at 0°C. are 
mixed with 1 gram of steam at 100°C? 

Ans. Let t be the resulting temperature. 

The heat required by 5 gms. of ice in melting to water at 0°C. and that 
required by 5 gms. of wafer in rising through ¢°C.=5x80+5t cal. 

The heat lost by 1 gram of steam in condensing to water at 100°C. and then 
cooling down to t°C.=1x536-+1(100—1). 

Heat lost=heat gained. So, 536+(100—t)=5 x80+5¢ ; or, t=39'3°C, 

(3) A calorimeter of water-equivalent 4 gms. contains 4 gms. of ice and 50 
gms. of water at 0°C., when steam is passed into the calorimeter. Calculate how 
much steam must condense so that the final temperature of the mixture may 
be 40°C. 

Ans. Suppose x gm. be the wt. of steam condensed. The heat lost by it in 


coming down to 40°C,=xx536+x(100—40) cal. 

The heat gained by ice in first melting and then being raised to 40°C, 
=4x80+4(40—0) cal, and the heat gained by water and calorimeter 
=4(40—0)-+50(40—0). 

~. The total heat gained by ice, water, and calorimeter 

=4 x 80-+4(4-+4-4-50) x 40=2640 cal. 
Hence x x536-+x x60=2640 ; or, xx596=2640. ~. x=442 gms. 
(4) How 1 kilogram of water at 50°C. should be divided so that one part 


. of it when turned into ice at 0°C., would by this change of state, give out a 


quantity of heat that will be sufficient to vapories the other part? (Latent heat’ 
of ice=80 calories ; latent heat of steam=536 calories.) 
Ans. Let 1 kgm, (or 1000 gms.) of water be divided into two parts x and 
y, of which the heat given out by x gm. when turned into ice, would vaporise y 
gm. We have x+y= 1000. 
Heat lost by x gm. of water at 50°C. to form ice at 0°C. 
=(50x-+4+80x)=130x calories. 
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This amount will turn y gm. of water at 50°C. into steam, which will 
require [(100—50)y+4536y] calories. 

Hence 130x=586y ; but from (1), x=1000—y; whence x=8185 gms. and 
y=1815 gms. 


93. Joseph Black (1728—1799) :—An Irish scientist. He was 
born at Bordeaux and had spent his childhood in France. He gradu- 
ated from the Glasgow University and was awarded the doctorate of 
Medicine for his researches on the physiological effects of quick-lime 
and caustic potash on the human, body. He joined this university in 
1756 as Professor of Analytical Chemistry. Here his name spread 
wide as an eminent teacher. James Watt, David Hume and Adam 
Smith were the result of his inspiration. His outstanding research 
work relates to the absorption of energy during change of state. Tho 
term ‘latent heat’ is due to him, and he measured the latent heat of 
fusion of ice by means ofa calorimeter which bears his namo. In 
1766 he joined the Edinburgh University as Professor of Chemistry 
where he served till he died in 1799. 


Questions 
1. Define calories and ‘‘B.Th.U.” (C. U. 1951, '52; G. U. 1949) 
State the relation between them. (G. U. 1949) 
2. Distinguish between the thermal capacity and the water equivalent of a 
body. State the units used in expressing them. (C. U. 1952, '53) 


8. Define ‘specific heat’. How is the specific heat of a solid determined ? 
(C. U. 1940, '49; G. U. 1949) 

Does the specific heat of a substance depend on the unit of heat chosen ? 
(C. U. 1951) 

4. A brass weight of 100 gms. is heated so that a particle of solder placed 
upon it just melts. It is then put into 100 c.c. of water at 15°C. contained in 
a calorimeter of water equivalent 12, if the final temperature of the water is 35°C., 
what is the melting point of the solder ? (Sp. ht. of brass=0°88). (Pat. 1935) 

[Ans. 2895°C.] 

5. A body of mass 100 gms. at 120°C. is plunged into 300 gms. of water 
at 20°C. contained in a copper calorimeter of mass 50 gms. The final tempera- 
ture attained is 30°C. Find the sp. heat of the material of the body (sp. heat 
of copper=0-09). 

[Ans. 0°34] 

_ 6. An ally consists of 92% silver and 8% copper. Calculate the final 
temperature when 50 gms. of the alloy at 100°C. are mixed with 50 gms. of oil 


of specific heat 046 at 20°C. (The sp. heats of copper and silver are 0:095 and 
0:056 respectively), 


[dns. 29:1°C.] 

_ 1. Define unit of heat capacity for heat and specific heat. 
weighing 100 grams is warmed through 10°C. How many 
could be warmed 1°C. by the same amount of heat? The 
iron is 0°10. 

[Ans. 100 gms.] 

8. Describe how you can measure the temperature of a furnace by applying 
calorimetric principle. (Pat. 1929) 

9. A ball of platinum, whose mass is 200 gms. is removed from a furnace 
and immersed in 153 gms. of water at 0°C. Supposing the water to gain all the 


A piece of iron 
grams of water 
specific heat of 


| 
3 
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heat the platinum loses'and if the temperature of the water rises to 30°C., deter- 
mine the temperature of the furnace. Sp. ht. of platinum=0:081.) (C. U. 1936) 

[Ans. 770°3°C.] 

10. The calorific value of coke is 13,000 British Thermal Units per pound. 
Find the minimum amount of coke which would have to be burnt in order to 
heat 30 gallons of water from 60°F. to 130°F. for use in a bath. (l gallon off 
water weighs 10 Ibs.). 

[Ans. 21/13 lbs] 

ll. If 90 grams of mercury at 100°C. be mixed with 100 grams of water 
at 20°C., and if the resulting temperature be 22°C.; what is the specific heat 
of mercury ? (C. U. 1925) 

[Ans. 00285.] 

12. 10 gms. of common salt at 91°C. having been immersed in 125 gms. 
of dil of turpentine (sp. ht. 0'428) at 13°C., the temperature of the mixture is 
16°C. ; supposing no loss or gain of heat from without, find the specific heat 
of common salt. Can you do this experiment with water instead of turpentine ? 

(C. U. 1938) 


[Ans. 0214] 

13. The temperatures of three different liquids A} B, and C are 14°C., 
24°C., and 84°C. respectively. On mixing equal masses of A and B, the 
temperature of the mixture is 31°C. Supposing equal masses of A and C were 
mixed, what would be the temperature of the mixture ? (Pat. 1955) 

[dns. 296°C. nearly.] 

14. A copper calorimeter weighing 10 gms. is filled first with water whose 
weight is 7'3 gms., and then with another liquid whose weight is 87 gms. ; the 
times taken in both cases to cool from 40°C. to 85°C. are 85 and 75 seconds 
respectively. Taking the specific heat of copper to be 0095, calculate the 
specific heat of the liquid. 

Ans. 0°7275.] 
15. A calorimeter whose water equivalent is 10 gms. is filled with 50 gms. 
of water at 80°C., and the time taken for the temperature to fall to 75°C, is 
4 minutes. When filled with another liquid, the weight being 40 gms. the time 
taken for the same fall is 130 seconds. Find the sp. heat of the liquid. 

(U: P. B. 1947) 
‘Ans, 0°5625.] 
16. A calorimeter, whose water equivalent is 5 gms. is filled with 25 gms. 
of water. It takes 4 minutes to cool from 25°C. to 17°C. When the same 
calorimeter is filled with 30 gms. of liquid it takes 180 secs. to cool through 
the same range. Calculate the sp. heat of the liquid. (R. U. 1953) 
Ans. 058.] 
17. Supposing you were given a thermometer reading only from 50°C. to 
100°C., and some water of which the temperature was below 20°C., describe an 
experiment showing how, without using another thermometer, you could deter- 
mine roughly the temperature of the water. (C. W. Lossy 
Hints.—Take some water in another vessel whose mass is a little greater 
than that of the quantity given. Boil this water; mix the two, and note the 
resultant temperature t°C. by the given thermometer which will ‘be a little over 
50°C. Let m be the mass of cold water, @its temperature, and.‘ m’ the mass off 
hot water ; then we have, m’(100—!)=m(t—@). Hence calculaite 0) 

18. Describe how the specific heat of a liquid is, determined by the 
method of cooling. (U. P; B. 1947; R. U. 1949) 

19. Account for the difference between the specifiy: heat of a gas at cons- 


tant volume and that at constant pressure; and fin d the difference between 
* them. (AIL, 1981; cf. "y 1944, 46; R. U. 1951) 
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This amount will turn y gm. of water at 50°C. into steam, which will 
require [(100—50)y+536y] calories. 

Hence 130x=586y; but from (1), x=1000—y; whence x=8185 gms. and 
y=18l5 gms. 


93. Joseph Black (1728—1799) :—An Irish scientist. He was 
born at Bordeaux and had spent his childhood in France. He gradu- 
ated from the Glasgow University and was awarded the doctorate of 
Medicine for his researches on the physiological effects of quick-lime 
and caustic potash on the human body. He joined this university in 
1756 as Professor of Analytical Chemistry. Here his name spread 
wide as an eminent teacher. James Watt, David Hume and Adam 
Smith were the result of his inspiration. His outstanding research 
work relates to the absorption of energy during change of state. The 
term ‘latent heat’ is due to him, and he measured the latent heat of 
fusion of ico by means ofa calorimeter which bears his name. In 
1766 he joined the Edinburgh University as Professor of Chemistry 
where he served ti!l he died in 1799. 


Questions 
l. Define calories and ‘‘B.Th.U.” (C. U. 1951, 52; G. U. 1949) 
State the relation between them. (G. U. 1949) 
2. Distinguish between the thermal capacity and the water equivalent of a 
body. State the units used in expressing them. (C. U. 1952, 53) 


3. Define ‘specific heat’. How is the specific heat of a solid determined ? 
(C. U. 1940, 49; G. U. 1949) 

Does the specific heat of a substance depend on the unit of heat chosen ? 
C. U. 1951 

4. A brass weight of 100 gms. is heated so that a particle of Sia isc 
Upon it just melts. It is then put into 100 c.c. of water at 15°C. contained in 
a calorimeter of water equivalent 12, if the final temperature of the water is 35°C., 
what is the melting point of the solder ? (Sp. ht. of brass=0°88). (Pat. 1935) 

[Ans. 2895°C.] 

5. A body of mass 100 gms. at 120°C. is plunged into 300 gms. of water 
at 20°C. contained in a copper calorimeter of mass 50 gms. The final tempera- 
ture attained is 30°C. Find the sp. heat of the material of the body (sp. heat 
of copper=009). 

[Ans. 0:34] 

6. An ally consists of 92% silver and 8% copper. Calculate the final 
temperature when 50 gms. of the alloy at 100°C. are mixed with 50 gms. of oil 
of Specific heat 046 at 20°C. (The sp. heats of copper and silver are 0'095 and 
0056 respectively), 

[Ans. 291°C.) 

_ 7. Define unit of heat capacity for heat and specific heat. A piece of iron 
Mess 100 nt Pi warmed through 10°C. How many gtams of water 
cou e warmed 1°C. by the sa i 
Fes Aerie y me amount of heat? The specific heat of 

[Ans. 100 gms.] 

8. Describe how you can measure the temperature of a furnace by applying 
calorimetric principle. (Pat. 1929) 

9. A ball of platinum, whose mass is 200 gms. is removed from a furnace 
and immersed in 153 gms. of water at 0°C. Supposing the water to gain all the 
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heat the platinum loses'and if the temperature of the water rises to 30°G., deter- 
mine the temperature of the furnace. Sp. ht. of platinum =0:031.) (C. U. 1936) 

[Ans. 770°3°C.] 

10. The calorific value of coke is 13,000 British Thermal Units per pound. 
Find the minimum amount of coke which would have to be burnt in order to 
heat 30 gallons of water from 60°F. to 1380°F. for use in a bath. (1 gallon ofi 
water weighs 10 Ibs.). 

[Ans. 21/13 lbs.) 

11. If 90 grams of mercury at 100°C. be mixed with 100 grams of water 
at 20°C., and if the resulting temperature be 22°C., what is the specific heat 
of mercury ? (C. U. 1925) 

[Ans. 0°0285.] 

12. 10 gms. of common salt at 91°C. having been immersed in 125 gms. 
of dil of turpentine (sp. ht. 0'428) at 13°C., the temperature of the mixture is 
16°C. ; supposing no loss or gain of heat from without, find the specific heat 
of common salt. Can you do this experiment with water instead of turpentine ? 

(C. U. 1938) 

[Ans. 0214] 

13. The ‘temperatures of three different liquids A> B, and C are 14°C., 
24°C., and 84°C. respectively. On mixing equal masses of A and B, the 
temperature of the mixture is 31°C. Supposing equal masses of A and C were’ 
mixed, what would be the temperature of the mixture ? (Pat. 1955) 

[dns. 296°C. nearly.] 

14. A copper calorimeter weighing 10 gms. is filled first with water whose 
weight is 7'3 gms., and then with another liquid whose weight is 8'7 gms. ; the 
times taken in both cases to cool from 40°C. to 85°C, are 85 and 75 secondg 
respectively, Taking the specific heat of copper to be 0095, calculate the 
specific heat of the liquid. 

[Ans. 0°7275.] 

15. A calorimeter whose water equivalent is 10 gms. is filled with 50 gms. 
of water at 80°C., and the time taken for the temperature to fall to 75°C. is 
4 minutes. When filled with another liquid, the weight being 40 gms, the time 
taken for the same fall is 130 seconds. Find the sp. heat of the liquid. 

(U. P. B. 1947) 


Ans. 0°5625.] 
16. A calorimeter, whose water equivalent is 5 gms. is filled with 25 gms, 
of water. It takes 4 minutes to cool from 25°C. to 17°C. When the same 
calorimeter is filled with 30 gms. of liquid it takes 180 secs. to cool through 
the same range. Calculate the sp. heat of the liquid. (R. U. 1953) 
Ans. 058.) 
17. Supposing you were given a thermometer reading only from 50°C. to 
100°C., and some water of which the temperature was below 20°C., describe an 
experiment showing how, without using another thermometer, you could deter- 
mine roughly the temperature of the water. (C. 7711958) 
Hints.—Take some water in another vessel whose mass is a lifs. of water 
than that of the quantity given. Boil this water; mix the two, ‘second is used 
resultant temperature t°C. by the given thermometer which will required to raise 
50°C. Let m be the mass of cold water, #its temperature, anda away 50 gms. of 
hot water ; then we have, m’(100—t)=m(t—@)- Hence calculy/ (C. U. 1952) 
18. Describe how the specific heat of a liquid is F 
method of cooling. (U. Py you use the instrument 


19. Account for the difference between the specifi 945, 49; U. P. B, 1952) 


tant volume and that at constant pressure; and fin A 
them. (AUG 09815. a RE 


de 
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20. Distinguish between specific heat of a gas at, constant pressure and 
that at constant yolume. 7 
21. How would you show that the specific heat at constant pressure is 


greater than the specific heat at constant volume ? (R. U. 1948) 
22, Deduce the relation J(Cp—C1)=R, where the symbols have their usual 
significance, (R. U. 1948; M. B. B. 1952) 


23. “Water has a higher specific heat than any other liquid or solid.” 
How will this fact affect (a) determination of temperature by a water ther- 
mometer over ranges for wliich its use is permissible, and (b) the cliamte of 
islands and places on the sea-coast ? (Pat. 1931) 
_ 94, The latent heat of water is 80 calories. By what number will the 
latent heat be represented if the pound is taken as the unit of mass and the 
temperatures are measured on the Fahrenheit scale ? (Pat. 1931) 

[Ans. 144.] 

25.. What is meant by the statement that the latent heat of steam is 536? 
What number will represent the latent heat if the unit of mass is a pound 
and temperatures are measured-on the Fahrenheit scale ? (Pat, 1941) 

[Ans. 964'8.] 

26. On what factot does the latent heat of a substance depend? If the 
calorie be defined as the quantity of heat required to raise the temperature off 
one pound of water through one degree Farhenheit, what would be the value 
of the latent heat of vaporisation of water in such calories, if its value in the 
gramme-centigrade system is 580 ? (Pat. 1931) 

[Ans. Value of latent heat in units as defined=580x2=1044.] 

27. Explain the meaning of “latent heat’’. (C. U. 1909, '13, "17 ; Pat. 1918) 

28. Find the result of mixing 2 lbs. of ice at 0°C. with 3 Ibs. of water 
at 45°C. (C. U. 1981) 

[Hints.—The amount of heat given out by 3 Ibs. of water at 45°C. in 
cooling to 0°C.=$x45=135 pound-degree °C. heat-units; and 80 such heat- 
units are necessary to melt 1 Ib. of ice. So the amount of ice melted by this 
quantity of heat= 18=1°69 Ibs, .. The result is (341-69) or 4:69 Ibs. of 
water at 0°C, and (2—1°69) or 0°31 Ib. of ice at 0°C.] 

29. Dry ice at 0°C. is dropped into a copper can at 100°C., the weight of 
the can being 60 grammes and the specific heat of copper 0:1. How much 
ice would reduce the temperature of the can to 40°C. ? (C. U. 1924) 

[Ans. 3 grams.] 

80. What would be the final temperature of the mixture when 5 gms. 
of ice at —10°C. are mixed up with 22 gms. of water at 30°C.? The sp. ht. 
of ice is 05. (C. U. 1926; G. U. 1949) 

[Ans. 7°C] 

31. Some ice is placed in a glass vessel held over a spirit-lamp and melts 
to water at 0°C. in 2 minutes; how long will it take (a) before it reaches the 


Polling pont ; (b) before it is all boiled away, assuming there is no escape of 
jams. $ 


7. Define, y; 
weighing 100 gra 23 mins. ; (b). (24+134) mins.] 
could be warmed 9f cpoper of mass 30 gms. was heated to 100°C. and placed in 
iron is 0°10. In cooling down it evolved sufficient heat to melt 3°54 gms. 
[Ans. 100 gms,] at heat of fusion of ice is 80, what is the specific heat of 
8. Describe how you (Dac. 1937) 
calorimetric principle. 


9. i 5 
nite ai pie specific heat of a solid may be determined by means 
imm gms. (C. U. 1914, "15; Pat. 1948) > _ 


D= 
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34. Describe Bunsen’s ice-calorimeter. Explain its use in determining the 

specific heat of a substance. What are the merits of the method ? 
(R. U. 1949, '52) 

35. A spherical iron ball is placed on a large block of dry ice at 0°C. iuta 
which it sinks until half submerged. What was the temperature of the iron ? 

(Density of iron=7'7 gms./c.c. ; density of ice=092 gmjc.c.; sp. heat of 
iron =0'12; latent heat of fusion of ice=80 calories per gm.) 

[dns. 898°C. neglecting heat lost by radiation.] 

36. If a gramme of ice at 0°C. contracts by 0'091 c.c., calculate the sp. 
heat of the substance when 40 gms. at 60°C, dropped into an ice-calorimeter 
cause a change in volume of 0'273 c.c. (latent heat of fusion of ice=80 cals./gm.) 


(Rajputana, 1948y 


Ans. 0l 

a A eae was heated to 100°C. and 08 gm. of it is dropped into 
a Bunsen’s ice-calorimeter, due to which the thread of mercury in the capillary 
tube of 1 sq. mm. section moved through a distance of 6'9 mm. Calculate the 
specific heat of the substance (given that 1 gm. of water on freezing expands 
by 0091 c.c.). (cf. Nagpur, 1952) 

[Ans. 0°0758.] 

38. Describe any method of determining the latent heat of steam in the 
laboratory. State the precautions that should be taken. 

(C. U. 1931; All, 1918; Pat. 1935, 49; Dac, 1921) 

39. A copper vessel, weighing 190 gms., containing 300 gms. of water at 
0°C. and 50 gms. of ice at 0°C. Find the quantity of steam, at 100°C., that 
must be passed into the yessel to raise its temperature and that of its contents 
to 10°C, (Pat. 1949) 

Sp. heat of copper=0'1.; L (steam) =537 cals./gm.; L (ice)=80 cals./gm. A 

[dns. 1227 gms.] 

40. Into a calorimeter containing 175 gms. of water and some ice, steam 
of mass 10 gms. and cemp. 100°C., is passed. The temperature of the con- 
tents rises to 10°C. If the water equivalent of the calorimeter is 5 gms., calculate 
the mass of ice initially present. (Given latent heat of water=80 cals. /gm ; 
latent heat of steam=540 cals./gm.). (Andhra, 1952) 

[Ans. 50 gms.] 

41. A copper ball 56°32 gms. in weight and at 15°C. is exposed to a stream 
of dry steam at 100°C. What weight of steam will condense on the ball before 
the temperature of the ball is raised to 100°C.? (Sp. ht. of copper=0'093 5 
Latent heat of steam=536 cals.). (Dac. 1928) 
Ans, 0°83 gm.] 

42. Alcohol boils at 78°C., its latent heat of evaporation is 202 cals./gm. 
and its mean sp. heat when liquid is 0°65. Calculate the least quantity of water 
at 10°C. needed to condense 100 gms. of alcohol vapour at 78°C, in to liquid 


‘at 15°C. (Utkal, 1954) 


Ans. 4859 gms.] 
48. A copper vessel of water equivalent 60 gms. contains 600 gms, of water 
at 30°C. A bunsen burner, adjusted to supply 100 calories per second is used 
to heat the vessel. Neglecting all losses, calculate (a) the time required to raise 
the water to boiling point and (b) the time required to boil away 50 gms. of 
water (latent heat of steam=540 cals.) (C. U. 1952) 
‘Ans. (a) 7 mins. 42 secs. ; (b) 12 mins. 12 secs.] 
44. Describe Joly’s Steam Calorimeter. How will you use the instrument 
to find the specific heat of a gas at constant volume ? 
(Nagpur, 1950; Rajputana, 1945, "49; U. P. B. 1952) 
45. Describe, with necessary theory, how the specific heat of a gass at 
constant pressure is determined by Regnault's method. 3 


CHAPTER VI 
CHANGE OF STATE 


94. Fusion and Solidification-:—When a substance changes 
from the solid to the liquid state, the process is known as fusion, and 
when it changes from the liquid to the solid state the process is called 
freezing or solidification. 


95. Melting Point :—For every substance there is a particular 
temperature at which it changes from the solid to the liquid state at 
a given superincumbent pressure. This fixed temperature is known 
as the melting point of the solid. It remains constant throughout the 
process of melting, i. e. the temperature remains constant until -the 
whole of the solid is melted, if the pressure on it remains constant, 
although heat is applied all the time. The tempeparature will rise only 
after the last particle of the solid has melted. The melting point is 
different for different substances and for each substance it slightly 
varies when the superincumbent pressure varies, 


Similarly, during the process of solidification at constant pressure, 
temperature remains constant until the whole of the liquid is solidified, 
although heat is withdrawn all the time. The temperature will 
begin to fall only when the last drop of the liquid has solidified. This 
fixed temperature is called the freezing point or the solidification tem- 
perature of that particular liquid and is different for different liquids 
and slightly changes with pressure. It is the same as the melting point 
of the substance. 


The normal melting point of a substance is a definite temperature 
at which it melts or solidifies at a pressure of one atmosphere. 


If the cooling process be continued very slowly and without 
disturbance, then many liquids can be cooled below their normal 
solidification temperature. This phenomenon is known as super- 
cooling, or superfusion or surfusion and the liquid in this condition 
is called a supercooled liquid. This condition is not stsble, for if 
the liquid is disturbed, or a particle of the substance in the solid form 
dropped into the liquid, solidification at once begins and the 
-temperature quickly rises to the solidification point. The phenomenon 
is a delicate one and is possible only if the liquid is absolutely pure 
and free from any suspended foreign matter. 


¥ 

The amount of heat given up by a substance on solidification is 
equal to the latent heat of fusion. In the case of water, every gram. 
of it must give out 80 calories before solidification takes place at 
0°C., and for this reason water does not freeze at once when cooled 
down to 0°0. Conversely, every gram of ice must absorb 80 calories 
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- ab-0°C. before fusion takes place. Fer other substances the value 
* of the latent heat is much smaller. So water can be called a store- 
3 house of heat. For example, 1 cu. ft. of water weighs 62°5 lbs. which 
ia in freezing, gives up 62'5x80=5000 C.H.U. of heat, which, again, 
can raise 50 lbs. of water from the freezing point to the boiling point 

(50x 100= 5000). 


96. Viscous State :—Some substance, solid at ordinary tem- 
peratures such as iron, glass, pitch, wax, etc. bave got no definite 
melting point. They gradually change from the solid to the liquid 
State passing through a plastic or viscous state intermediate between 
solid and liquid: This state may extend over a considerable range of 
temperature depending on the nature of the substance. Again, some 

* subst inces, liquid at ordinary temperature, such as glycerine, acetic 
acid, and alse some other organic acids and oils, pass through the 
intermediate viscous state in changing from the liquid to the solid 
state. Such liquids haye no fixed solidification temperatures, 


97. Sublimation :—Some substances, such as camphor, iodine, 
arsenic, sulphur, ete. change directly from the solid to the gaseous 
State without passing through the intermediate liquid state. They 
are called volatile substances, and such change of state is known as 
sublimation. Ice and snow also sublime slowly even when below the 
freezing point. 


98. Change of Volume in fusion and Solidification :—Most 
substances increase in volume by fusion, but afew substances, such 
as ice, cast iron, antimony, bismuth, brass, etc. contract on molting 
and expand on solidification. In the first case, the solid sinks in 
the resulting liquid while in the other, the solid floats on the 
corresponding liquid. A lump of cast iron floats on the liquid metal 
just as ice floats on water, and it is for this reason that these metal 
can be used for sharp castings, since on solidifying they must expand 
and fill up every nook and corner of the mould. 


Tt has already been stated in Art. 271, part I, that on freezing, the 
volume of water increases by about 9 per cent, i.@ 11 c.c. of water 
at 0°C. becomes 12 ¢.c. of ice at the same temperature and so ice 
floats on water with $4 of its volume below the surface of water and 
vy above it. Thus, the volume of water formed by the melting of 
ice is less by z's th of the volume of ice. 


A great force is exerted by the expansion of water on freezing 
which sometimes may cause great trouble. It does a good deal of 
damage by bursting water pipes in cold weather and by the splitting 
of rocks and soils, ete. On the other hand, the effect would have 
been still more disastrous if water would contract on freezing, as in 
that case ice formed would haye been heavier andso would sink to 

>the bottom of lakes or ponds, and soon the whole mass of water 
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would transform into a solid block of ice, and thus all aquatic animals 
would ultimately perish (vide also Art. 41). 


Again, ice isa poor conductor of heat. In cold countries, when 
the surface of any lake or pond is frozen into ice, the ice prevents 
the flow of heat from the water below tothe space above which is 
at a temperature lower than 0°C. So, however severe the cold may 
be, water cannot freeze below a certain depth. Even in regions 
near the North Pole, the thickness of ice formed on the ocean reaches 
only about 4 or 5 metres, and this thickness changes by only a metre 
or two during the course of a year. 


On the other hand, ice once formed, melts only slowly by the 
gun’s rays which must supply the latent heat required for molting. If 
any latent heat of fusion were not necessary for the melting of ica, 
ico and snow would melt very rapidly and disastrous floods would 
result. 


In summer water formed at the surface of ice being heavier sinks 

_ down and a fresh surface of ice is always exposed to the sun which 

helps in melting more. Thus the expansion of water on solidification 

serves two purposes : it prevents accumulation of much ice in winter 
and also helps the melting of ice in summer. 


99. Determination of the Melting Point of a Substance :— 
Two methods are given below for the determination of the melting point 
of a solid like naphthaline (which expands on melting and contracts on 
solidifying), 


(i) Cooling Curve Method.—This method is used when an 
- appreciable quantity of the substance is available. Put the substance in 
atest tube and melt it by heating ina water bath. Place a thermo- 
meter in the liquefied substance, take the tube out of the bath, dry its 
outside, surround it by a large vessel to protect it from air currents, 
and take readings at intervals of one minute as the cooling proceeds. 
The reading will remain constant during the process of solidification 
after which it will fall. Take temperature readings until, sometime 
after, solidification is observed to be complete. 


Now, plotting a graph with time and temperature, a part of the 
curve will be seen to be pıralle' tothe time axis. The temperature 
corresponding to this part isthe melting point of the substance, and 
Fig. 44 is the general form of the cooling curve for a pure single 
chemical substance like naphthaline. The part which is parallel 
to the time axis shows no variation of temperature with time and 
jt corresponds to a purely liquid state, and the portion below this 
represents the solid state of the substance. 


[N.B. If the substance is heated and a heating curve (time- 
temperature curve) is plotted ina similar way as above the graph , s 
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will rise first and then a part of the curye will remain parallel to the 
time-axis, and then it will rise 
again. The horizontal parts of 
the cooling curve and the 
heating curve will be almost 
coincident if the substance is a 
pure single substance.) 

In the melting point curve 
of a substance which is a 
mixture of different substances, 
such as paraffin wax, or any 
fat, solidification takes place 
over a range of temperature, 
and there is no definite melting 
point. (The melting point 


TEMP, ——>. 


-eurves for a mixture of sub- TIME —> 


stances have several horizontal 
steps corresponding to the 
melting points of the diferent constituents.) For substances like 
glass, sealing wax, etc. there is no abrupt change from the solid to the 
liquid state and they remain plastic over a range of temperature 
between the solid and the liquid state. As glass remains plastic over 
a wide range of temperature, so it can be worked and moulded. After 
taking a sharp bend, as in Fig. 44, the slopə of the curve in these 
cases changes continuously and does not become horizontal, that is 
the thermometer-readings do not remain constant for several minutes. 


Fig. 44—Cooling Curve 


Gi) Capillary Tube Method.—This method is used when only a 
small amount of the substance is available. Heat a piece of 
glass delivery tubing in a blowpipe flame and 
AT quickly draw it out, when soft, to form a 
a capillary tubing of about = mm, diameter and 
q H with very thin walls. Take about 10 ems. of 
this tube A. Melt some naphthaline, suppose, 
in a dish and suck up about 4 ems. length of it 
into the capillary tube. Now seal off the lower 
end of the tube, and attach it by a thin band 
to the bulb of a mercury thermometer T, which 
is mounted so that the bulb and the tube dip 
into a beaker of water with the top of the 
substance just below the water surface (Fig. 
45). Now carefully heat the water stirring it 
all the time. After some time, the opaque 
5 <a solid will change to a transparent liquid on 
Fig. 45—Capillary Tube. melting; note this temperature. Now remove 
the burner and allow the liquid to cool, stirring the water all the time; 
note the temperature when naphthaline becomes opaque, ie. it solidi- 
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fies. The mean of these two temperatures gives the melting point of 
the substance. Repeat this experiment two or three times so as to 
get a very good result. 


Note-—Generally the temperature at which a solid melts is the 
same as that at which the corresponding liquid freezes, But for 
certain fats like butter, this is nob the case. For example, butter melts 
at about 33°C., but it is solidifies at about 20°C. 


100. Melting Points of Alloys :—In the case of alloys, the melt- 
ing points are usually lower than those of the constituents, and it 
is for this reason that ‘flux’ is added to a substance with a high 

* malting point in order to make it malt at a lower temperature. 


There are other alloys like WWood’s metal, which is an alloy of 
tin, lead, cadmium and bismuth, having a melting point of 60°5°C. ; 
and Rose’s metal—an alloy of tin, lead, and bismuth,—having a 
melting point of 94°5°C. These alloys are readily fusible and so they 
find many applications in our daily life. They are used in automatic 
sprinklers for buildings, so that when a fire breaks out, a plug, made 
of one of these alloys and inserted in a water pipe, melts and thus 
the water rushes out from the mains. Fusible plugs are also used in 
closing fire proof doors automatically in the event of a fire, and fuse 
‘in electrical circuits are also made of these alloys. 


101. Effect of Pressure on the melting Point :—The melting 
points of substances like ice, iron, ete. which contract on melting, 
are lowered, and the melting points of those such as parafin, etc. 
which expand on malting are raised by increase of pressure. The 
molting point of ice at 0°C. is lowered by about 0'0078°C., for an 
increase of pressure of one atmosphere. Paraffin wax, which. expands 
on melting, melts at about 54°C. at a pressure of one atmosphere, and 
it will melt at a higher temperature if the pressure be increased. 


From a simple consideration we would also expect the above facts. 
For, in the case of ica, any increase of pressure tends to diminish its 
volume and thus it helps the process of melting and so the melting 
point will be lowered under increased pressure. In the case of paraffin, 
which expands on melting, any increase of pressure which tends to 
diminish the volume, will oppose the process of melting and so the 
melting point in this case will be increased under increased pressure. 


Regelation.—The fact that by exerting pressure the melting point 
of ice can be lowered, may be shown by pressing two pieces of ice 
against each other and then releasing the pressure, when it will be 
found that the two pieces are frozen into one. Such phenomenon of 
melting by pressure and freezing on withdrawal of pressure is known 
as regelation (L, re, again: ‘gelare, freeze), The pressure lowers the 
melting point, and so water is formed at the surface of contact.. On 
removal of the pressure, the melting point rises; water freezes again, 
and thus the two pieces are joined together, provided the temperature 
of the ice is not below 0°C., in which case the pressure applied by 
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the hands will not be sufficient to reduco the melting point below 
the actual temperature of the ice and so the Pieces of ice will 
not be joined together. It has been found that a pressure of about 
i000 atmospheres will be necessary to melt ice when the air 
temperature is —7'6°0. 

The phenomenon of regelation is demonstrated by the following 
experiments :— e 

(1) Bottomley’s Expt.—A largo 
block of ice rests at its two ends on two 
supports (Fig. 46) A turn of a thin 
metallic wire with a heavy weight- 
attached is placed round it. In about 
half an hour the wire cuts its way right 
through the block of ice but the block of 
ice remains as one piece. The pressure 
of the wire causes the ice under it to 
melt and the wire passes through the 
water formed, which being relieved of 
the pressure then freezes into ice again. 


It is to be noted that the ice melt- 
ing beneath the wire requires heat for 
melting and the water above the wire 
gives out heat at the time of freezing, 
which is conducted through the wire to 
help the ice below in melting. So the above process is helped if a 
metallic wire is used, for a metal is a good conductor of heat. Hence 
a twine is not suitable in this case and a copper wire will work moro 
quickly than a steel wire. 


Fig. 46—Bottomley’s Expt. 


Experiments have proved that if the block 
be in an ice-house where the temperature is 
below 0°C., the wire cannot cut through the 
block ; the temperature of the surrounding air 
must be above 0°C. 


(2) Mousson’s Apparatus.—The lower- 
ing of the melting point of ice by increased 
pressure can also be shown by means of tho 
apparatus shown in Fig. 47, which is known as 
Mousson’s Apparatus. 


Expt—The apparatus consists of an iron 
cylinder AB closed at one end with a strong 
screw plunger P. The cylinder is partly filled 
with water which is then frozen by keeping it 

Fig, 47—Monsson’s inside a mixture of ice and salt. A small metal 
Apparatus. ball C is now placed on the top of the ice in the 
cylinder which is then closed by the screw plunger. The whole is 
>° then surrounded by ice and the pressure is increased by driving the 
screw plunger in. On opening the cylinder at the bottom, the metal 
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ball is found to come out first, the water inside, however, is found 
to be still frozen. This shows that ice melted under the increased 
pressure and the ball came down to the bottom. On relieving the 
pressure, the water is again frozen. 


Welding.—When very near the melting point, two pieces of 
wrought iron can be moulded together into one piece. This is called 
welding, which is an example of regelation. It has been found that 
any body, liko iron or ice, which expands when cooled and contracts 
when heated, is cooled by pressure, instead of being heated. In the 
plastic condition, say at 1200°0., when iron being heated contracts, 
two pieces of wrought iron are brought together, and pressure is then 
applied due to which the temperature of the joint falls some 50°C. at 
the junction, and the welding is done. 


102. Freezing Mixtures :—Freezing mixtures are prepared by 
“mixing generally two substances. At the existing temperature one 
of them or both should melt, 7. e. pass from the solid to the liquid state 
and thus require heat for doing so. This heat is taken from the 
mixture and so the temperature falls. The most common freezing 
mixture is a mixture of ice and salt (usually 9 parts of ice to 1 part of 
salt) ; every gram of ice in melting takes 80 units of heat from the 
mixture. Ifa test tube containing some water is dipped into the 
mixture, the water freezes. Low temperature can be produced very 
quickly by adding an excess of salt, but it will not affect the final 
temperature of the mixture. Soin order to freeze ice-cream quickly, 
we should add an excess of common salt. 


Tho freezing point of a solution is lower than that of the pure 
solvent. Bo the freezing point of a solution of common salt is also 
lower than that of pure water. 


Photographer's ‘hypo’ (sodium thio-sulphate), ammonium nitrate, 
etc. when dissolved in water, lower the temperature to a great extent, 
because, in dissolving, each takes the necessary amount of heat from 
the water. 


A FEW FREEZING MIXTURES 


ey ta Sl 
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Ro ae Temperature 
Ammoniun nitrate “FA hs os 5 
Sodium sulphate at —17°C, 
Powdered ice s.. 9 
Common salt se see ae eet 3 —20°0. 
Crystallised calcium chloride ... ose 3 
Ice ere INAS an De ae a —52°C.. 
Carbon dioxide (solid) ... 4 
Ether DAE if —17°C. 
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103. Laws of Fusion :— (1) A solid under constant pressure 
melts at a definite temperature, called the melting. point of the solid, 
and this is the sameas the solidification point of the corresponding 
liquid. When the pressure is one atmosphere, the melting point is 
called its normal melting point. 


(2) The rate at which fusion takes place is proportional to the 
supply of heat, but temperature remains constant until the whole of 
the solid melts. 


(3) Substances, liko ice which contract on melting, have their 

melting points lowered by increase of pressure, while substances, like 

» paraffin wax, which expand on melting, have their melting points raised 
by increase of pressure. 


(4) Unit mass of every substance during fusion absorbs a definite 
amount of heat, known as the latent heat of fusion, which is a cons- 
tant for that particular substance, but changes, though very slightly, 
with change of the superincumbent pressure. 


104. Vaporisation and Condensation :— The change of a subs- 
tance from the liquid to the vapour or gaseous state is known as 
vaporisation, while the reverse process—the change from the vapour 
to the liquid state—is known as condensation or liquefaction. 

The phenomena of vaporisation and condensation are comparable 
to those of fusion and solidification. The following points are to be 
remembered about the process of vaporisation which has got different 
names under the circumstances in which it takes placo— 

(a) When the change of substance from the liquid to the yapour 
state takes place slowly at any temperatures and takes place from the 
surface of the liquid, the form of vaporisation is known as evaporation 
(vide Art. 106). 

(b) When the change takes place rapidly at a fixed temperature 
and takes place throughout the liquid, the form of vaporisation is 
known as ebullition or boiling (vide Art. 105). 

In boiling every pound or every gramof a substance requires 
a quantity of heat at its boiling point in order to be converted from 
the liquid to the vapour state, the quantity of heat being known as 
the latent heat of vaporistion of the substance at that temperature. 
«Tho same amount of heat will also be necessary to be abstracted from 
unit mass of the substance at its boiling point in order to be trans- 
formed from the vapour to the liquid state. This amount of heat in 
the case of water at 100°C. is 585 calories per gm. 


105. Phenomena during Change of State :—The following 
phenomena are observed in the case of a substance when it changes 
its state from solid to liquid or from liquid to vapour— 

(a) latent heat is absorbed ; (b) temperature does nob change 
until the whole of the substance has changed the state; (c) the 
yolume of the substance changes. 


Vol. I—28 
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ball is found to come out first, the water inside, however, is found 
to be still frozen. This shows that ice melted under the increased 
pressure and the ball came down to the bottom. On relieving the 
pressure, the water is again frozen. 


Welding.—When very near the melting point, two pieces of 
wrought iron can be moulded together into one piece. This is called 
welding, which is an example of regelation. Tt has heen found that 
any body, like iron or ice, which expands when cooled and contracts 
when heated, is cooled by pressure, instead of being heated. In the 
plastic condition, say at 1200°O., when iron being heated contracts, 
two pieces of wrought iron are brought together, and pressure is then 

_ applied due to which the temperature of the joint falls some 50°O. at = 
_ the junction, and the welding is done. 


5 102. Freezing Mixtures :—Freezing mixtures are prepared by 
mixing generally two substances. At the existing temperature one 

of them or both should melt, i. e. pass from the solid to the liquid state 
and thus require heat for doing so. This heat is taken from the 
- mixture and so the temperature falls. The most common freezing 
mixture is a mixture of ice and salt (usually 9 parts of ice to 1 part of 

galt); every gram of ice in melting takes 80 units of heat from the 

mixture. Ifa test tube containing some water is dipped into the 
mixture, the water freezes. Low temperature can be produced very 
quickly by adding an excess of salt, but it will not affect the final 
shat? perature of the mixture. So in order to freeze ice-cream quickly, 
~ ‘we should add an excess of common salt. 


A The freezing point of a solution is lower than that of the pure 
solvent, So the freezing point of a solution of common salt is also 
lower than that of pure water. 


Photographer's ‘hypo’ (sodium thio-sulphate), ammonium nitrate, 
ete. when dissolved in water, lower the temperature to a great extent, 
 beeause, in dissolving, each takes the necessary amount of heat from 
the water. 
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103. Laws of Fusion :— (1) A solid under constant pressure 
melts at a definite temperature, called the melting point of the solid, 
and this is the samo as the solidification point of the corresponding 
liquid. When the pressure is one atmosphere, the melting point is 
called its normal melting point. 


(2) The rate at which fusion takes place is proportional to the 
supply of heat, but temperature remains constant until the whole of 
the solid melts. 


(8) Substances, liko ice which contract on melting, have their 


melting points lowered by increase of presswre, while substances, like 


. paraffin wax, which expand on melting, have their melting points raised 


by increase of pressure. 


(4) Unit mass of every substance during fusion absorbs a definite 
amount of heat, known as the latent heat of fusion, which is a cons- 
tant for that particular substance, but changes, though very slightly, 
with change of the superincumbent pressure. 


104. Vaporisation and Condensation :— The change of a subs- 
tance from the liquid to the vapour or gaseous state is known as 
vaporisation, while the reverse proceis—the change from the vapour 
to the liquid state—is known as condensation or liquefaction. 

The phenomena of vaporisation and condensation are comparable 
to those of fusion and solidification. ‘The following points are to be 
remembered about the process of vaporisation which has got different 
names under the circumstances in which it takes placeo— 

(a) When the change of substance from the liquid to the vapour 
state takes placo slowly at any temperatures and takes place from the 
surface of the liquid, the form of vaporisation is known as evaporation 
(vide Art, 108). 

(b) When the change takes place rapidly at a fixed temperature 
and takes place throughout the liquid, the form of vaporisation 14 
known as ebullition or boiling (vide Art. 105). 

In boiling every pound or every gram of a substance requires 
a quantity of heat at its boiling point in order to be converted from 
the liquid to the vapour state, the quantity of heat being known as 
the latent heat of vaporistion of the substance at that temperature. 
4The samo amount of heat will also be necessary to be abstracted from 
unit mass of the substance ab its boiling point in order to be trans- 
formed from the vapour to the liquid state. This amount of heat in 
the case of water at 100°C. is 583 calories per gm. è 


105. Phenomena during Change of State :—The following 
phenomena are observed in the case of a substanco when it changes 
its state from solid to liquid or from liquid to vapour— 


(a) latent heat is absorbed; (b) temperature does not change 


until the whole of the substance has changed the state; (c) the 


volume of the substance changes. 
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106. (a) Evaporation and Ebullition (or Boiling) :— 


Evaporation.—If a shallow dish containing water be left in 
a room, the water will gradually disappear. Such gradual change 
from the liquid to the gaseous state which takes place quietly from 
the surface of the liquid and goes on at all temperatures is known as 
evaporation. 


That is, evaporation is the gradual and slow change of a substance 
from the liquid to the vapour state which takes place at the surface of 
the liquid at all temperatures. 


Factors governing Evaporation.— 


(i) The temperature of the Uiquid: The higher the temperature, 
the faster is the formation of vapour. 


(ii) The nature of the liquid: A quantity of ether will disappear 
faster than the same quantity of water under the same conditions, i.e. 
a liquid having a low boiling point will be evaporated quickly. 


(iii) The renewal of air over the liquid surface: The rate of 
evaporation increases by renewing air over the liquid surface. That 
is why wet linen dries up more quickly on a windy day than ona 
calm day. 


(iv) The pressure of the air > The less the pressure of air on the 
liquid, the greater is the rate of evaporation. So the rate of evapora- 
tion is maximum in vacuum. Evaporation in vacuum is used in 
chemical works for preparing extracts from solutions. 


(u) The area of the exposed surface : The greater the area of the 
surface of a liquid exposed to the air, the greater is the evaporation. 
So hot tea is taken in a flat dish to get it cooled quickly. 


(vi) The pressure of vapour in contact with the liquid: The rate 
of evaporation becomes slower, if there is vapour of the liquid in 
contact. Thatis why evaporation is quicker in dry than in moist 
air. Wet linen and muddy roads dry up more quickly in the winter 
than in the rainy seasons. 

(b) Boiling.— If a liquid is continuously heated under a given 
superincumbent pressure, vapour is given off at the initial stages from 
the surface of the liquid but finally a stage comes when the vaporisa- 
tion takes place throughout the mass of the liquid in a rapid and” 
vigorous way. This stage is called the boiling of the liquid. Tho 
bubbles of the vapour always originate at the heated surface. 

As long as the boiling takes place, the temperature of a liquid 
remains constant if the superincumbent pressure does not change. 
This constant temperature, which is different for different liquids, 
is called the boiling point of a liquid corresponding to the super- 
incumbent pressure. If the superincumbent pressure is one atmos- 
phere the temperature of boiling is called the normal boiling point +, 
of a liguid and is ordinariiy designated as its boiling point. 


© 
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Factors governing Boiling Point.— 


(i) Boiling point increases or decreases according as the super- 
incumbent pressure on the liquid increases or decreases. 

(ii) The presence of any dissolved impurity increases the boiling 
point. So the boiling point of a solution is always greater than that 
of the pure solvent. 


(iii) The boiling point depends, though to a small extent, on the 
material of the boiler, its roughness and the degree of cleanness of 
its inner surface. 


(ce) Distinction between Evaporation and Boiling.—The 
difference between evaporation and boiling (ebullition) is that the former 
takes place at the surface ofthe liquid at all temperatures, whereas 
tho latter takes place throughout the mass of the liquid at a particular 
temperature depending on the superincumbent pressure. Moreover, the 
former is a slow process while the latter is a rapid one. 


107. Cold caused by Evaporation :— Evaporation produces cooling. 
When the evaporation ofa liquid takes place, the temperature of the 
liquid falls, because the latent heat necessary for vaporisation is supplied 
by the liquid itself and so it goes down in temperature. 


This is the reason of the ccoling effect of the wind on moist 
skin, or of the wind coming through khas-khas screens in summor 
months. One gram of water, say at 15°0., would require about 
535 calories to change it into vapour at that temperature. At these 
rates, heat is absorbed from the skin, or khas-khas when evaporation 
takes place. The wind accelerates the rate of evaporation. 


The cooling effect will be rapid if a few drops of ether or alcohol 
are placed on the skin instead of water, because the rate of evaporation 
of these liquids at the room temperature is very rapid. : 

The bulb of a thermometer wrapped with a piece of muslin will 
show a rapid fall in temperature, when a few drops of ether are poured 
over the muslin. 

(1) A porous pot keeps water cooler than a non-porous pot, — 

In hot countries, water is put into earthen vessels which are 
porous. The water which oozes out of the pores are eyaporated and 
thus the water inside is kept cool. Water in this case will be much 
cooler than the water kept in a glass or metallic vessel of equal size, 
because, in the first case, the evaporation takes place all oyer the vessel, 
while in the other case, it takes place only from the surface of water 
at the mouth of the vessel. 

(2) The watering of the streets in summer not only settles down 
tho suspended dust but produces a colling effect by evaporation. 

(3) In drinking hot milk or tea, it is generally poured in a 
shallow saucer before drinking, in order to expose a large surface of 
the liquid to the air so that evaporation can take place more rapidly. 
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(4) In summer, dogs are seen to hang out their tongues in order 
to expose a surface to air for evaporation so that they may enjoy the 
cooling effect caused by it. 


(5) The reason of using a fan in summer is to increase the rate 
of evaporation of the perspiration coming out of the pores of our skin. 
Generally, the vapour formed out of the perspiration clouds over the 
skin due to which the rate of evaporation becomes slow, but when a 
fan is used, the wind produced by the fan remoyes the layers of 
vapour and this renewal of the air in contact with the skin increases 
the rate of evaporation. This causes greater absorption of heat from 
the skin due to which cold is produced. 

108. Experiments on Absorption of Heat by Evaporation :— 
The absorption of heat, and the consequent production of cooling, 
by an evaporating liquid, may be shown by the following experiments, 
where it will be seen that it is possible even to freeze a liquid by the 
loss of heat caused by its own evaporation. 


(1) Afew drops of water are placed ona block of wood anda 
thin copper calorimeter containing some ether is placed on the water. 
The ether is now made to evaporate rapidly by blowing air through 
it by foot bellows. Tho ether in rapidly evaporating takes heat from 
the water, under the beaker, which will ultimately freeze, and the 
beaker will be fixed to the wood bya layer of ice formed between 
them, 


(2) Wollaston’s Cryophorus.— This apparatus, illustrates, the 
aboye principle of cooling by evaporation. It consists of a bent glass 
tube having a bulb at each end containing a little 
water and water vapour only, but no air. All the 
water is transferred to the bulb P and the bulb 4 
is surrounded by a freezing mixture (Fig. 48). The 
vapour in A condenses; the pressure inside falls 
and more water evaporates from P, the water in 
which is gradually cooled and ultimately may be 
frozen into ice. 

(3) A shallow metal dish containing a little 
Fig. 48—The water and another dish containing strong sulphuric 

Oryophorus acid are placed under the receiver of an air-pump. 
On exhausting, the pressure inside falls, the water of the dish rapidly 
evaporates, and the vapour formed is absorbed by the sulphuric acid 
and thus the pressure inside is always kept low. So the water 
continues to evaporate rapidly, whereby the temperature of the water 
falls and ultimately a thin layer ofice form3 on the surface of the 
water. This is known as Leslie’s Experiment. 


109. Refrigeration 2—It is the science of artificially maintaining 
an enclosure at a desired constant temperature much lower than that 
of the surrounding atmosphere. 


At temperatures above 50°F bacteria multiply atan increasingly 
rapid rate. Food articles such as fish, meat, potato, eggs, fruits, otc, 
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for this reason go bad in hot weather. If kept within a cool hold they 
keep well for a long time. Many medical products such as vaccines, 
injectibles, etc. also behaye similarly. In fact, the scope of refrigera- 
tion is yery wide ranging from the small domestic refrigerator in which 
a temperature of 40° to 45°F. is aimed at, to cargo vessels in which 
refrigerated holds are maintained many degrees below the melting 
Point of ice for the transport of frozen meat. It also covers ice-making 
plants, Some ice-machines produce even several hundred tons of 
ico yer day. Ice-plants form an indispensible equipment for the 
fishing fleets ; the refrigeration of the catch is no less important than 
act of catching, for such fleets report to the shore sometimes a few 
days after, The word “commercial refrigeration” is ordinarily used to 
indicate in general the technique of preservation of goods at low 
temperatures. Commercial refrigeration is already an important trade 
in the United States of America, U. K., and some other advanced 
countries of Europe. It is so bound to grow in this country, specially 
because ours is a tropical country. A refrigerator, besides being used 
for cold storage purposes as stated above, is also used for industrial 
purposes, A refrigerating device forms the most important part of 
a Summer Air-conditioning plant with which modern Public 
Halls such as Lecture Halls, Theatres, Picturo Houses, Hospitals, 
etc. are fitted, or of Air-conditioners used in Research Laboratories, 
Spinning rooms in Textile Mills, Rubber Factories, etc. ' 


In the act of refrigeration the principle which is commonly utilised 
is that of cooling a liquid by rapid evaporation. The liquid which 
produces cold by evaporation is called tho refrigerant. A refrigerant 
should have a high latent heat of vaporisation, and a low boiling point, 
besides other secondary qualities. Some common refrigerants are— 
ammonia, sulphur-dioxide, carbon-dioxide, methyl chloride, ethyl 
chloride, Freon (GCleFs), etc. Freon, for various considerations, is 
rightly regarded as an ideal refrigerant. 


In a refrigerator the hold is maintained ata lower temperature 
than that of the surrounding atmosphere. This means that, to start 
with, heat has to be removed from the given enclosure to the hotter 
surroundings at such a rate that the temperature falls to the desired 
value and at this temperature heat is to be continuously transferred 
from ib aba rate at which it will enter from outside such that the 
temperature of the enclosure may yemain constant. The act of such 
removal requires the expenditure of some energy. Two distinct 
types of refrigerators have come into existence which differ from each 
other in respect of the nature of supply of the energy. 


(1) The Electrolux Refrigerator (or the Absorption type 
refrigerator)-—In it the working energy is supplied in the form of 
heat energy, by burning a fuel such as coal gas, kerosene, ete. 


(2) The Mechanical type Refrigerator (Frigidair type or the 
Compression type).—In it the working energy is supplied in the form of 
mechanical energy by a compressor. A reciprocating or rotary com- 
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pressor driven by an electric motor or an engine is used here for the 
compression of the working gas. So this type is also often called a 
mechanical refrigerator. 


In electrified areas, the latter type of machines is fast superseding 
the former type. An ice-michine of the compression type—which 
also represents the principle of working of the compression type of 
domestic refrigerators—is described below. 

Ice-Machines.— The essential parts of a mechanical type refrige- 
rator (Fig. 49) for making ice are the following— 


(1) A cooling coil A, otherwise called the evaporator, which isa 
long copper tube made in the form of a spiral. This is placed in a 
strong solution of brine. In this brine bath cans containing water for 
freezing are placed. The brine, which is always kept in circulation, 
provides a good madium of contact for ready transfer of heat from tho 
water cans to the evaporator coil. 


(2) A condenser B which is also a coil of copper tube placed in 
atank. Cold water is made to circulate round the coil and this running 
water continuously takes away het from the condenser. 

(3) A mechanical pump 
worked by a motor or engine 
and it acts as a compression 
pump. 

(4) A regulating valve V. 
—This is only an adjustable 
one way opening and allows 
the liquid from the condenser 
B to pass to the evaporator 
A when acertain difference of 
pressure is set up between the 
Fig. 49—The Ice-machine. * two. It separates a chamber of 


high pressure from a chamber of low pressure. 


Action.—(i) During the compression stroke, as shown in the 
figure, the refrigerant gas is compressed, the pump being driven by 
an electric motor or engine. The compressed gas enters the condenser 
B on opening the exit valve. 


(ii) The compression produces heat (as in a bicycle pump); the 
heat so produced is absorbed by the coo'ing water and the compressed 
gas gradually liquifies at the existing pressure and temperature within 
the condenser. 

(iii) The liquid refrigerant passes through the regulating valve V 
to the evaporator coil where the pressure and temperature are lower. 

(iv) During the next stroke of pump—which is a suction 
stroke—the admission valve between the cylinder of the pump and the 
evaporator, which can open into the cylinder only is lifted owing to 
the fall of pressure in the cylinder, and the liquid in the evaporator 
rapidly evaporates, the latent heat being absorbed from the brine bath 
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which is cooled thereby. The next compression stroke by which the 
evaporated gas is compressed and liquefied again, starts the cycle 
afresh. The pressures in the condenser and the evaporator correspond 
to the saturation vapour pressure (vide Art. 110) at their own 
temperatures. 


The same cycle of operation is repeated over and over again. 
When the temperature of the brine bath falls to the desired value, it 
is maintained at that temperature, by means of an automatic device 
(not shown in the figure). The device stops or starts the motor as 
the temperature tends to decrease or increase. The coefficient of 
performance of the machine is defined as the ratio of the amount of 
heat removed to the heat equivalent of the work done in removing the 
heat. 


N.B-—In different refrigerating systems of the aboye type of 
refrigerators, the cooling of the condenser is arranged differently, 
Air cooling, cooling by spray of water, or circulation of cold water , 
are the common methods which are employed. In air-conditioning: 
the air is directly forced by a fan over the evaporator coils and thereby 
it is cooled. The indirect contact of brine solution is dispensed with. 

Ammonia Ice-Machines.—See Appendix. 

VAPOUR PRESSURE (OR VAPOUR TENSION) 


110. Vapour Pressure and Saturation Vapour Pressure :— 
Whenever a liquid evaporates at any temperature, the vapour exerts a 
definite pressure on everything in contact in' the same way as a gas 
does. This pressure is called the vapour pressure of the liquid at that 
temperature. 

Expt.—Take two barometer glass tubes X and Y, each about a 
metre long and 4 or 5 mms. in diameter (Fig. 50). Fill each com- 
pletely with dry mercury, and after closing the open 
end with the thumb, invert both of them in the same 
trough of mercury. Clamp the two tubes vertically 
side by side. The mercury in both of them will be 
found to stand at the same level, say at A and B in 
he two tubes X and Y respectively ; the height of 
either of them above the surface of mercury in the 
trough gives a measure of the barometric pressure 
t the time. Let the tube X act as a simple baro- 
meter for comparison and a few drops of water or 
hor be introduced into the Torricellian vacuum of 
the other tube Y by means of a bent pipette P ; the 
liquid, being lighter, rises through the mercury 
to the top of the tube and evaporates immediately. 
The vapour formed there depresses the mercury top 
B slightly. This shows that the vapour of a liquid 
formed at any temperature exerts a pressure. If 
further small quantities be introduced little by little, 
the quantity of vapour on the top of the tube will Fig. 50° 


+ 
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be increased and there will be further depression of the mercury 
column. 


On continuing this process,+a stage will be reached when there 
will be no more evaporation and so there will be no further depression 
of the mercury column. At this stage if a little liquid be introduced, 
it will collect as a thin layer on the surface of mercury. This shows 
that a confined spaco has only a limited capacity to ho!d a vapour 
ata given temperature. Let the top of the mercury stand at O at 
this stage, when the depression of the mercury column is greatest. 
When the depression of the mercury column is greatest, the enclosed 
space above the mercury top C is said to be saturated with the vapour 
or is said to be full of saturated vapour. Hence ina closed space if a 
vapour is in contact with its liquid, it is a visible indication that the 
space is saturated with the vapour. Before this stage, the space 
is unsaturated, or is full of unsaturated vapour. Since no further 
depression of the mercury column occurs after the yapour becomes 
saturated, it is evident that the vapour in this condition exerts the 
maximum pressure possible at that temperature, i. e. the saturation 
pressure is the maximum pressure of a vapour at a given temperature. 


In the abore experiment the difference in height between the 
initial level B and the final level O (when the mercury column in the 
tube Y is depressed most) gives a measure of the saturation pressure 
of the yapour at the temperature of the experiment. 


Thus, a mass of vapour is said to be saturated at a given tem- 
perature when the pressure it exerts is the maximum for it at that 
temperature and the maximum pressure is called the Saturation 
Vapour Pressure (S. V. P.) of the liquid at that temperature ; the vapour 
is said to be unsaturated when the pressure it is exerting is less than 
the saturation vapour pressure of the liquid at that temperature. 


111. Change of Volume at Constant Temperature :— 


(a) Unsaturated Vapour.—Take two simple barometers, cach 
about a metre long standing in the same trough V of mercury and 
then proceed as in the last article to find the satwration vapour 
pressure of water at the room temperature. Note the difference of 
levels, BO [Fig. 51(1)] which represents the S. V.P. of water so 
determined, 


Noxt remove the experimental tuke, refil it with mercury and 
again invert it into the same trough when it will be ready for a fresh 
set of observations. Let Fig. 51(2) represent the apparatus when the 
second set of observations is taken. Introduce two to three drops 
of water into the tube and obserye the depression of the mercury 
column as the water evaporates. The vapour formed is, in all pro- 
bability, unsaturated. To be completely sure, raise the tube some 
way up. In this way a mass of unsaturated vapour at the room 
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temperature is formed and enclosed above the mercury-top in the 
experimental tube. Note the volume 
of the vapour and the difference in 
level between the mercury-tops in 
the two limbs, which gives the 
corresponding pressure of the vapour. 
Gradually raise the experimental 
tube (taking care that the lower end 
of the tube remains under mercury) 
and note that as the volume of the 
enclosed vapour is thus increased, 
the mercury column in that tube 
also increases in height, showing 
that the pressure of the vapour 
decreases. At this stage note the 
yolume, and the pressure which is 
given by the difference between the 
mercury-tops in the two limbs. 
Mark that the product of the pres- 
sure and volume at each stage is 
approximately constant. 

Next push the tube gradually ; 
into the trough when the volume G) Fig. 51 (2) 
of the vapour will be decreased. Note that as the volume is decreased 
the height of the mercury column in that tube also decreases, showing 
that the pressure of the yapour correspondingly increases. This goes 
on until the enclosed space is so diminished, as shown in Fig, 51(2), 
that a thin layer of water deposits on the surface O, of the mercury, 
which indicates that the space is no longer unsaturated, but is satu- 
rated with water vapour at that temperature. The difference AiCi of 
the mercury levels in the two tubes ab this stage will be the same 
as BC determined in the first part of the experiment. Any further 
depression of the tube does not tend to depress the mercury column 
any more; that is, the pressure attained has reached a maximum 
valuo and any further decrease in volume instead of increasing the 
pressure will gradually condense the vapour into liquid. Almost 
up to this stage, ie. up to when saturation is reached, the preduct of 
pressure and volumo will be constant, and equal to that when the 
volume was increased in the previous part of the experiment. The 
product will also be constant, ifany other liquid instead of water is 
taken in the experiment. 


Hence at constant temperature the product of pressure and 
volume of any unsaturated vapour is approximately a constant. That 
is, unsaturated vapour obeys Boyle’s law approximately. 


(b) Saturated Vapour.—Take the same apparatus as in Fig. 51 
(2) and proceed as in the last part of the last article when gradually 
pushing the experimental tube into the trough a stage will finally 
be reached such that a thin layer of the liquid deposits on the clean 
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mercury surface ; that is, the enclosed space will be saturated with 
the vapour, Depress the tube gradually into the trough. Mark that 
while the volume of the enclosed vapour is decreased, the layer of 
the condensed liquid thickens gradually more and more but the 
mercury-top below stands stationary at its previous position, namely 
at Oy where saturation began. Thatis, when the volume of saturated 
vapour is decreased at constant temperature, more and more of the 
vapour condenses out but the pressure remains unaltered. 


Next try the opposite process, i.e. raise the tube up gradually. 
Mark that a stage will be reached when the liquid-deposit evaporates 
out. Introduce sufficient liquid into the tube as and when necessary, 
such that a thin layer of liquid always remains on the mercury-top, 
i.e. the space remains saturated with the vapour as the tube is gradu- 
ally raised, Observe that though the volume of the enclosed space is 
gradually increased, the merecury-top below remains always at its 
previous position, namely at O, provided the vapour is always satu- 
rated. Thus, saturation vapour pressure at constant temperature 
is independent of the volume of the vapour and depends only on 
the temperature. So, saturated vapour does not obey Boyle’s law. 


N.B.— From this experiment it is also to be marked that the 
mass of vapour neccessary to saturate a space af a given condition 
is proportional to the volume of. the space ; for, at saturation, when 
the volume is decreased, the vapour condenses out in the same 
Proportion in which the volume is reduced; agin, when the volume 
is increased, liquid to be introduced to keep the space saturated will 
_ be in the same proportion in which the volume will be increased. 


112. Measurement of Saturation Vapour Pressure of Water at 

Different Temperatures (Regnault’s Expt.) :— 
fr Regnault determined the saturation vapour 
pressure of water over a wide range of tempera- 
tures and has incorporated them in a 
chart, popularly known as the Regnault’s 
table of vapour pressures. He used the following 
arrangement of apparatus for temperatures 
between 0°C and 50°C., and the arrangement 
in Fig. 57 for temperatures between 50°0. and 
250°0. 

Set up two barometer tubes A and B 
(Fig. 52) vertically with their upper ends in a 
Steam water bath J, which is provided with a stirrer S. 
The. temperature of the bath is regulated as 
desired, whether helow or above the room tem- 
perature, by the addition of ice or passing steam 
through a heater tube immersed in the bath as 

Fig, 52 the case may be. Any inequality of tempera 
5 ture in the bath is sought to be prevented by 
constant stirring. When the desired temperature is attained, it is 
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determined by a sensitive thermometer T. The liquid whose vapour 
pressure is to be determined is gradually introduced into the R.H.S. 
barometer tube B by means of a bent pipette until the space is 
saturated at the desired temperature. The difference of levels in 
the two barometer tubes is read at this stage, which gives the vapour 
pressure of liquid at that temperature. The expt. is subject to some 
errors which are due to 


9) the pressure of a thin layer of the liquid in the experimental 
tute ; 


i (b) difference in surface tension of mercury in the two tubes; 
in one the mercury is in contact with water while it is in contact with 
its own yapour in the other. 


113. Effect of Change of Temperature on : 


(a) Saturated Vapour.—Saturation vapour pressure of a liquid 
can be determined at various temperatures as described in the previous 
article, or as in Regnault’s experiment 
(Art. 119). It is found that in general — %V-P.(CM. MERCURY) 
the S.V.P. of a liquid increases as the 
temperature increases, but there is { 
no simple law by which the relationship i 
between the two quantities can be i 
represented. Fig. 52(a) approximately ' 
illustrates how the §.V.P. of water i 
(measured in centimetres of mercury) o [TEMPERATURE CO) 100 
varies with temperatures (in degrees H 
centigrade); at 100°0., it will be noted Hg. 63 (a) 
from the graph, the S.V.P. of water is 76 cms, 
of mercury. 


(b) Unsaturated Vapour.—Tako a modi- 
fied Boyle's law apparatus as shown in Fig. 53. 
The experimental tube AB is provided at its 
upper end with two stop-cocks, S, and Sa one 
aboye the other, having a small length of glass 
tubing betweea them. Above the upper stop- 
cock S;, there isa funnel F into which the ox- 
perimental liquid is poured. 


The experimental tube AB is surrounded by 
a water bath Jin whicha thermometer T is 
dipped vertically. The temperature of the bath 
can be raised by passing steam into it from a 
_supply tube or decreased by addition of ice 
according to requirement. By properly regula- 
ting the steam orice asthe case may be, the 
temperature may be kept constant. For 
uniformity of temperature a stirrer (not shown 
in the figure) may be used in the water bath. 
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To starb with, open Sı and Ss and gradually raise the open tube 

“ KG till the mercury in AB rises aboye Sı. This is how the air in AB 

js driven out. Close Sı and lower KG until the mercury-top in AB 

recedes well below soas to leave a suitable vacuous space under Sa. 

The difference in level between the mereury-tops in AB and KG now 
gives the barometric height at the time of experiment. 


Close Sa and then open Sı and pour some liquid, say water, 
into the funnel F. Then close S, and open Sa when the water 
between S, and Sg, which jsa small quantity of water, runs down 
into the vacuous space below and gets yapourised immediately. 
Mark that there is a depression of the mercury level in AB. This 
is due to the pressure of tke vapour formed. In all probability, the 
enclosed space in AB is unsaturated. To be fully sure of it increaso 
the volume of this space by lowering the arm KG some way down 
when the mercury-top in AB also will sink down. Fix the tube 
KG and note the mercury levelin AB and that in KG. The 
difference between them will now be less than barometric height 
observed already. Tho deficit gives the pressure of the unsaturated 
yapour at the volume it now occupies in AB, 


Next pass steam into the water bath and raiso its temerature 
to a definite value by regulating the steam. Mark that the mercury 
column in 4B goes down. Raise KG till the mercury level in 
AB goes up and reaches the initial position. This is necessary in 
order that the vapour may occupy the same volume while the 
temperature is changed. After the volume js thus restored to the 
original valuo, find the difference in the mercury levels in AB and 
KG. Observe that the difference in levels has decreased. This 
shows that the pressure of the vapour has increased due to rise in 
temperature. Continue the above operations, raising the bath to 
gradually higher and higher temperatures. Ti will be found that the 
increase of pressure with increase of temperature at constant volume 
follows the pressure law (Art. 50) which is a form of Charles’ law. 
The experiment may be repeated for temperatures lower than the room 
temperature by adding ice to the water bath, when it will also be found 
that the pressure decreases with decrease of temperature (volume re- 
maining constant) according to the same pressure law as noted already. 
This reduction of pressure with decrease of temperature proceeds till 
ata certain temperature the vapour becomes saturated when it will 
begin to deposit as water. After this stage the pressure falls very 

quickly, being always equal to the saturation vapour pressure of the 
liquid at the corresponding temperature. 


_ Thus unsaturated vapour obeys Charles’ law. 


114. Distinction between Saturted and Unsaturated Vapour :— 


(i) When a space contains the maximum amount of vapour 
it can possibly hold ata given temperature, it is said to be saturated 
with the vapour and the pressure exerted by the vapour then is the 
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maixinum pressure af thit temperature, called the saturation vapour 
pressure. Ina closed space, when a vapour is in contact with its 
liquid, it is a visible indication that the space is saturated. 


A space is unsaturated at a given temperature if the maximum 
amount of vapour is not preseas in the spice, è. e. if further liquid 
js introduced into the space it is evaporated. In a closed space a 
vapour is in all probability unsaturated, unless it is in contact with 
its liquid. 


(2) If the temperature of saturated vapour in contact with its 
own liquid is increased, more liquid evaporates and consequently the 
pressure increases till the maximum pressure at the raised temperature 
is attained, d. e. the pressure attained is always the saturated vapour 
pressure at the highe: temperature. On decrease of temperature 
condensation of the vapour takes place at such a rate that the residual 
vapour at each lower temperature saturates the space at that 
temperature. The changes of saturation vapour pressure due to 
changes of temperature do not, however, follow Charles’ law. 


In caso of unsaturated vapour, the increase of pressure due to 
increase of temperature takes place approximately according to 
Charles’ law. On decrease of temperature, the pressure decreases 
according to the same law up to a stage, but finally ata certain 
temperature the space may be saturated with the vapour, and on 
further lowering of the temperature, more and more vapour condense3 
out, the pressure being muintained at the saturation vapour pressure 
corresponding to the lower temperature. Thus saturated vapour 
does not obey Charles’ law but unsaturated vapour does, though 
approwimately. 


(3) Keeping the temperature constant, if the volume of saturated 
vapour, in presence of its own liquid, be increased, more vapour 
will be formad, and if diminished, some will be condensed but the 
pressure will always remain constant corresponding to the temperature 
(vide Art, 111) at which the experiment is done. 

If no liquid be present when the volume is increased, the vapour 
becomes unsaturated and tha changes of pressure and volume will 
take place according to Boyle's law. Thus saturated vapour does not 
obey Boyle's law while unsaturated vapour does. 


The cases of saturated and unsaturated vapours can be compared 
to the solution of a soluble solid, e.g. sugar in water. When the 
solution contains the maximum amount of sugar possible at that 
temperature, itis called a saturated. solution like the ‘solution’ of the 
maximum amount of water vapour in air. If the sugar solution is 
cooled, some sugar crystallises out; so also if air saturated with water 
vapour is cooled, part of the water vapour condeness out. Again, by 
increasing the temperature of the sugar solution, more sugar can be 
dissolyed, and similarly, the warmer the air the more water vapour 
will if kold in suspension, 
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115. Mixture of various Vapours or Gases :—The vapour we 
have considered so far is produced in a vacuum space and we 
know now how the pressure it causes can be determined. It is 
necessary to enquire next whether the pressure of the vapour will 
be altered or remain the same as aboye if it is formed in a closed 
space containing, say, air or some other gas. Sir John Dalton 
investigated into this problem and laws, known as Dalton’s Laws of 
Vapour Pressures, have been formulated, which govern the pressures 
of mixed or associated vapours. 


Dalton’s Laws of Vapour Pressures. 


1. The saturation pressure of a particular vapour in a closed space, 
at any fixed temperature depends only on its temperature and is 
independent of the volume, or of the presence of any other vapour or 
gas, provided that no chemical reaction takes place between them. 


2. The total pressure exerted in a closed space by a misture of 
gases and vapours (which have no chemical action on each other) is 
equal to the sum of the pressures which each constituent would sepa- 
rately exert if it alone occupied the whole space at the same tempera- 
ture. These last named pressures of the individual gases aro often 
called their partial pressures. So the second law is often also called 
the Law of partial pressures. 


The first law refers to the maximum pressure, and therefore, 
applies to a saturated vapour in a closed space. The second law 
applies both to saturated and unsaturated vapours. 


Verifiction of Dalton’s Laws of Vapour Pressure.—Take tho 
‘same apparatus as in Fig. 53. Take water at the room temperatura 
in the Jacket J so as to keep the temperature of the tube AB constant. 


Open Sı, Sa, and observe that the mercury stands at the same 
level in AB and KG. The pressure of air in AB is now atmospheric, 
Adjust KG, if necessary, such that the level of mercury in AB comes 
to a convenient position, say, at the middle of the tube AB, Then 
close Se. Take some water (i.e. a liquid which will not chemically 
react with air) in the funnel F so that the space S,, Sa is thus also 
filled with water. Note the level of mereury in AB. Noxt close Sı 
and gradually add water into AB drop by drop by regulating the cock 
Sa. The water introduced evaporates and exerts pressure due to which 
the mercury level in AB is driven down and, that in KG raised. 
Addition of water is continued until a thin layer of it deposits on the 
clean mereury surface below, 7. e. until the enclosed space over the 
mercury surfacein AB is saturated with the water vapour at the 
room temperature. The difference in level of the mercury columns 
in AB and KG does not, however, directly gives the saturation pressure 
of the vapour, for the air in AB now occupies a greater volume 
than initially. Raise KG until the mereury in AB comes back to 
the original level. At this stage, the mercury level in AB measures 


oy 
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the pressure due to saturated water vapour in presence of air at 
atmospheric pressure at the room temperature. 


Next, to determine the saturation yapour pressure of water at the 
same temperature, when the vapour is preduced in vacuum, open both 
Si and Sa and gradually raise KG until the mercury in AB exceeds 
the level S,. Close Sy, Then proceed as in Art. 110, to find out 
the saturation vapour pressure of water, when the water vapour is 
produced in vaccum. 

Tf the experiment is correctly done, it will be found that the 
pressure of vapour in vacuum is the sameas that found in the first 
experiment, even though the volume of the vapour in the second 
experiment may be different from that in the first experiment. 


This shows that the saturation vapour pressure of water at the 
room temperature is independent of the volume of the air, as 
also of the presence of air, and depends only on the temperature. 
If any other liquid is taken or the gas taken is other than air, or any 
other constant temperature be used, the experiment reveals the same 
truth, 

If, in the first experiment, the volume of the gaseous mixture in 
AB when saturated with water vapour, be increased or decreased 
(from the initial yolume of the enclosed air) by lowering or raising 
the tube KG, the total pressure will be different. But if the alteration 
of pressure due to the change in volume of the air, as may be found 
from a Boyle's law experiment with the same mass of air enclosed, be 
taken into account, the pressure, due to the yapour alone remains tho 
same if it is saturated. If, however, the space is unsaturated at 
every stage, the change of pressure with change of volume of the 
mixture will follow Boyle’s law. 

Using the above apparatus as a Boyle's law tube, temperature 
being maintained constant at the room temperature or any other 
definite temperature, draw a P-V graph with air as the enclosed gas, 
Similarly, draw another P-V graph with a small quantity of water 
vapour (unsaturated) alone in the vacuum space of the tuke AB, 
Next introduce the same quantity of water into the same volume of 
air at atmospheric pressure within the enclosed space above the 
mercury in AB and repeat a similar experiment as above and obtain 
a P-V graph for the gaseous mixture (unsaturated). Find that for 
the same yolume, if the pressure obtained from the first two graphs 
be added it becomes equal to the pressure of the gaseous mixture 
at the same volume, 

The above verifies Dalton’s second law for saturated or unsaturated 
vapours. 

Examples, (1) A certain quantity of vapour of a liquid mixed up with air 
is contained in a vessel of constant volume. The pressure shown at 20°C. is 80 
cms, of mercury and at 40°C, it is 100 cms. Given that 20°C. the vapour 

s° pressure of liquid is 15 cms. calculate the same at 40°C. 

Ans. At 20°C, the total pressure is 80 cms., but that due to the vapour 
being 15 cms., we haye from Dalton’s law, 


a 
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the pressure of the air at 20°C.=80—15=65 cms. From Charles’ law for the 
air, the yolume being constant, 

Pyo_ 278440 . r, Eso 313. 

Pio 213420 * ?= 65 7293? 

or, P,,=69°4 cms. 

But the total pressure at 40°C. is 100 cms. The pressure due to air being 
69:4 cms., the rest is due to vapour. That is, the pressure of the yapour at 
40°C =100—69'4=306 cms. 

(2) A quantity of oxygen is collected over water in a graduated tube. The 
height of the column of water left in the tube is 68 mms., and its temperature 
is 30°C. ; assuming the space occupied by oxygen to be saturated with aqueous 
vapour, find the pressure of the oxygen, the maximum pressure of vapour at 
30°C. being 31°55 mms., and the barometric height 758 mms. 


68 


186 =5 mms. of 


Ans, The pressure of 68 mms. of water is equivalent to 


mercury. 


' The atmospheric pressure balances the pressure of oxygen, the pressure of the 
yapour and the column of water in the tube ; hence, if x mm, be the pressure 
of oxygen, we have x+5+3155=758 ; or, x=72145 mms. 

(3) A quantity of dry air at 25°C. occupies a length of 156 mms. in a tube 
over mercury, the mercury standing 612 mms. higher inside the tube than outside. 
A small quantity of water is then passed up into the tube and the mercury column 
falls to 5994 mms. Find the pressure of aqueous vapour at 250C., the laboratory 
barometer standing at 759 mms. 

Ans. The original pressure of dry air=759—612=147 mms. When the air is 
saturated with the vapour, it occupies a length of 150+(612—599'4) = 1686 mms. 
147 X 156 

168°6 

Hence, if x mm. be the pressure of the vapour, we have 

x+136+4599'4=759 ; .. x=23-6 mms. 

(4) 1000 c.c. of a gas are collected over water at 20°C. and 760 mms. pressure, 
the space being saturated with aqueous vapour. Find the volume of dry gas at 
N. T.P. the maximum vapour pressure at 20°C, being 17-4 mms. > (All. 1920) 

Ans. 760 mms. is the combined pressure of dry gas and aqueous vapour 
at 20°C. 

«. According to Dalton’s laws pressure of dry gas alone at 20°C.=760—17'4 
=7426 mms. Volume of dry gas=1000 c.c 


Hence, we have, if V be the volume of dry gas at N.T.P., 
742°6x1000_ 760xV , 


278420 ~ 278+40 ’ 

(5) A mass of air is saturated with water vapour at a temperature of 100°C. 

On raising the temperature to 200°C. without change of volume, the pressure 

raised to two atmospheres. Find the pressure at 0°C. of this volume of the dry 

air alone. (Pat. 1926) 

Ans, Let P=pressure of the dry air at 100°C. The total pressure of the 

moist air at 100°C.=(P+760) mms. (‘,* The pressure of water vapour at 
100C.=760 mms.). 


«+ The final pressure of dry air alone= =136 mms..,.. (Boyle’s Law). 


or, V=910'4 c.c. 


Then, from the formula = 7 where T and T’ are absolute temperatures 
corresponding to pressures, P and P’, we have, 


P+760 2X 760 


873 2734200 


; or, P=458'64 mms. 
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Again, if P, be the pressure at 0°C., we have, 


Po  488'64 Žž . 3 
973-973-4100 Po =821'04 mms, 

116. Critical Temperature : Gas and Vapour: Permanent 
gases :— 


Critical Temperature.— There is for every substance in the gase- 
ous state a certain temperature such that if the substance be below this 
temperature, it can be liquefied by the application of a suitable pres- 
sure, and if above this temperature, it cannot be liquefied, however 
great the pressure applied may be. This temperature for a substance 
is called the critical temperature. 


‘The pressure which will liquefy the substance at the critical 
temperature is called its critical pressure. 


Dr. Andrews found the critical temperature for carbon dioxide 
to be 81°1°C., and its critical pressure nearly 73 atmospheres. So 
above this temperature carbon dioxide is not liquefiable. : 


Gas and Vapour.— There is no hard-and-fast line of difference 
hetween these two terms; one is often used to denote also the other. 
Strictly speaking, however, the term gas should be- used to denote a 
substance in the gaseous state when the temperature is’ above its critical 
temperature ; whereas, the term vapour should be used when the 
same is at any temperature below its critical temperature. 


Commonly, however, the term vapour is used ina restricted sense. 
It is used for substances in the gaseous state which at ordinary 
temperatures do not require any very large pressure to liquefy them, 
eg. ether vapour, etc., for, a pressure of about halfan atmosphere is 
sufficient to liquefy ether vapour at 12° to 15°C. 


Permanent Gases.—At temperatures of freezing mixture, certain 
substances in the gaseous state, like ammonia, sulphur dioxide, 
chlorine, ete. can be liquefied with moderate pressures. Faraday in 
1828 sueceeded thus in liquefying many ordinary substances in the 
gaseous state, but found that substances like hydrogen, oxygen, 
nitrogen, air, ete. could not be liquefied in that way. So he called 
this class of gases, permanent gases. Some subsequent experimenters 
also similarly failed to liquefy these gases at temperatures of freezing 
mixtures by applying enormous pressures too. The reason for such 
failures at liquefaction was pointed out in 1863 by Dr. Andrews as a 
result of his celebrated experiments on corbon dixide. He asserted 
that the temperature of the substance must he brought below tha 
critical temperature before any pressures could liquefy it. It is now’ 
known that the critical temperatures of the so-called permanent gases 
are extremely low. This explains why Faraday failed to liquefy them. 
All known gases have already been liquefied and so the term permanent 

gases has no meaning today excepting its historical interest. 


Vol. I—29 
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They only indicate in general those substances which do not liquefy 
at ordinary temperatures and pressures. 


Normal Boiling Point Critical Temperature 
Substance “e3 °C, 

Sulphur dioxide —10'1 157 

Methyl Chloride —24'°09 143°3 
Ammonia —33'35 131°9 

Carbon dioxide —i8'6 311 

Oxygen —182'983 —118'82 
Nitrogen —195°808 —147'13 
Hydrogen —252°78 —239°91 

Helium —268'92 —267'84 


117. Boiling by Bumping :— When water is heated in a glass 
yeasel, bubbles will appear in the body of the vessel and they rise to 
the surface with increase of temperature. These are air-bubbles 
dissolved in water. After a time, bubbles of steam formed at the 
bottom of the vessel while rising above towards the colder layers, 
collapse due to condensation. This produces a peculiar ‘singing’ 
sound. On further rise of temperature, the steam-bubbles rise 
vigorously to the surface and boiling begins. 


Tf pure water, which has been previously boiled to drive away 
dissolved air, be heated in a clean vessel, bubbles will not be formed 
for some time and the temperature will rise above the boiling point. 
This phenomenon is called the superheating of the liquid. Thon 
suddenly large bubbles willbe formed which will burst forth with 
explosive violence and there is a tendency for the whole liquid to be 
thrown out. The temperature of the liquid now comes down to its 
normal boiling point. This phenomenon is called boiling by 
bumping. 


Bumping may be prevented by introducing some rough materials, 
Say, a fow fragments of glass or porcelain, into the liquid, as the 
presence of the crevices will facilitate boiling. 


118. Condition for Boiling :— 4 liquid boils at a temperature 
at which the pressure of its vapour is equal to- the superincumbent pres- 
sure, i.e. the pressure to which the surface of the liquid is exposed. 


Expts.—(1) A barometer tube T is filled with mercury and 
inverted over a trough B of mercury (Fig. 54). The tube is com- 
pletely surrounded with a jacket G through which steam can be 
passed. Introduce some water into the tube by means of a bent 
pipette, and gradually pass steam into the jacket. As the tempera- 
ture rises, more and more water vapour is formed at the top of the 
mercury column, which depresses the mercury column until, if there 
be sufficient liquid present, the mercury inside the tube is at the» 


CHANGE OF STATE 451 


same level as that in the trough. This moans that the pressure of 
the water vapour at the temperature of the steam, i.e. at the boiling 
point isthe same as the outside pressure, which is the atmospheric 
pressure ; or, in other words, water (or any other liquid) boils at a 
temperature when its vapour pressure is equal to the pressure on 
the surface of the liquid. 


Fig. 54 


Consulting the table of vapour pressures of water, it will be seen 
that the miximum pressure of water vapour at 100°C, is 760 mms, ; 
so water boils at 100°C. when the external pressure is 760 mis. ; 
similarly, water boils at 90°C. when the external pressure is 525° 
mms. 


(2) Take a bent tube AB closed at B, as shown in Fig. 55. The 
small arm contains only some well-boiled water below which is 
mercury M which also partly rises in the longer arm. The level of 
mercury in the longer arm is below that in the other. Now introduco 
the tube into a flask containing some water such that the tube is 
above the surface of water in the flask. Boil the water and allow 
the steam, which surrounds the lower part of the tube, to escape 
through an exit tube. In ashort time it wi'l be found that the 
mercury assumes the same level in the two arms, showing that the — 
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maximum vapour pressure at the boiling point is equal to the 
atmospheric pressure. 


119. Boiling Point depends on the Pressure :—From the ex- 
periments already described it follows that the boiling point of a liquid 
will change, if the pressure to which the surface of the liquid is exposed, 
changes. Thus water will boil at a temperature higher than 1U0°C., 
if the atmospheric pressure is higher 
than 760 mms. and similarly, it will 
boil at a lower temperature if the 
pressure is lowered. So, on the top of 
a high mountain, water will boil at a 
temperature lower than 100°C, 


(1) Boiling under Reduced Pres- 
sure.—This is demonstrated by the 
following experiments :— 


(a) Franklin’s Expt.— Boil some 
water ina strong glass flask until all 
the air is expelled. Now remove the 
burner, and inyert it after it is tightly 
corked (Fig. 56). The space above 
the surface of water contains saturated 
water vapour. When boiling ceases, 
pour some cold water on the fask. 
This condenses some vapour inside 
the flask and thus reduces the pressure 
over the surface of water; and so the 
water boils again. This shows that boiling is possible at a temperature 
below 100°C, by reducing the pressure on the liquid. 


Fig. 56 


(b) The same result can be produced by placing a beaker contain- 
ing some boiling water in the receiver of an air pump. On pumping 
out some air (as soon as boiling ceases), the water will again be 
found to be boiling. 


(2) Variation of Boiling Point with Pressure. A liquid can 
be boiled at different temperatures by changing the pressure of air above 
the surface of the liquid. The arrangement is shown in Fig. 57. The 
liquid is placed in a boiler A which is connected with a large air- 
reservoir B through a Liebig’s condenser ©. The reservoir B is con- 
nected with a mercury manometer M andan air pump. The liquid 
is heated until it boils under a given pressure, and the boiling point 
is read by means of, a sensitive thermometer ż, the bulb of which 
is placed in the vapour, and in the liquid. The reason for this is 
_ that liquids sometimes may boil irregularly such that the temperature 
may rise several degrees above the true boiling point. The condenser 
condenses the vapour and restores it back to the boiler A. The 
reservoir B containing air is surrounded by water to keep its tempera- 
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ture constant. The pressure in Bis adjusted toa definite value by 
connecting it with a compression or exhaust pump as is required for 
increasing or reducing the pressure. Take the reading of the thermo- 
meter when it becomes stationary after boiling commences, and record 


Fig. 57 


the manometer reading at the same tims. When the liquid boils the 
pressure of its vapour is equal to the suparincumbent pressure which 
is indicated by the manometer M. By altering the pressure to a new 
value, a new boiling temperature is obtained. 


By this means Regnault determined saturation pressure of water 
vapour up to 230°C., the pressure at the last temperature being 274 
atmospheres, and he used this method for determining vapour pressures 
of water between 50°0. and 230°C, 

On the top ofa mountain the pressure is less than that at sea- 
level ; so the boiling point of water there is less than 100°0. For 
example, water boilsat 93°6°O. at Darjeeling, which is about 7,200 ft. 
above the sea-leavel ; and at Quito (in S. America), the highest city in 
the world (9,520 ft. above the sea-level), the normal height of the 
barometer is 52°3 cms. and water hoils at 90°C. At the top of Mont 
Blane (15,781 ft.) water boils at 85°C. pee 

Tt has been found that the boiling point of watef decreases “by 
1°0. for every 960 ft. increase in elevation above sevléyel, or in other 
words for a reduction of pressure of 26.8 mms. the boiling point falls 
by 1°0. ‘ 


119(a). Papin’s Digester :—The cooking’ power of boiling water 
depends upon the temperature at which it b&ils ; hence on the top 
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ofa very high mountain it is impossible to cook food in an open vessel, 
But, by increasing the pressure, water can be made to boil at any 
higher temperature. So for cooking food on the top ofa very high 
mountain a specially closed vessel provided with a safety valve is 
used, the pressure within which can be raised to about 760 mms. 
This special contrivance is named Papin’s Digester. Ordinarily, by 
closing a pot with a lid the difficulty of cooking etc. can be solved to 
some extent. 


Boiling under increased pressure is useful for the manufacture of 
artificial silk; for the preparation of pulp (used in paper-making) by 
boiling wood with caustic soda ete. 


Boiling under diminished pressure also has its uses. For instance, 
in the preparation of condensed milk, much of the water of the milk 
js driven off at a low temperature in order to keep the food value of 
the milk unaltered. Sugar is also refined by similar process. 


120. Boiling Points of Solutions :—What has been said so far 
regarding boiling points is confined to pure liquids only, such as water, 
ether, etc. The law, namely, a liquid boils at a temperature at which 
its vapour pressure is equal to the nressure on its surface, is also obeyed 
by the boiling points of solutions ; but the vapour pressure of a solu- 
tion ata particular temperature is always less than that of the pure 
solvent at the same temperature, so the temperature of the solution 
has got to be raised above the boiling point of the pure solvent before 
it will boil. So, (a) the boiling point of a solution is always higher 
than that of the pure solvent, and (b) the amount by which the boiling 
point is increased is proportional to the concentration of the solution. 


Besides the effect of pressure, the boiling point of a liquid is also 
affected by the presence of substance dissolved in it. For example, the 
boiling point of sea-water is about 104°C. while that of pure water is 
100°C., and it bas already been sxid that the increase of the boiling 
point dépends upon the weight of ‘ho substance dissolved. So, the 
purity of a liquid can be tested by its boiling point. 


121. Laws of Ebullition :— 
(1) Every liquid has got a definite boiling point at a particular 


pressure ; by increasing or decreasing the pressure the boiling point is 
raised or lowered. 


© (2) A liquid boils at its boiling point when the maximum pressure 
is equal to the atmospheric pressure. 


mperature at which a liquid boils remains stationary 
‘the liquid is evaported. 


rature during boiling is constant so long as the 
A definite quantity of heat, known as the latent 
absorbed by unit mass of the liquid in changing 
pour state at the same temperature. 


_that liquids sometime 
may rise several degree: 
condenses the vapour 
reservoir B containing ai 
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122. Ebullition and Fusion Compared :— 


(a) The temperature remains stationary throughout each process, 
when the corresponding latent heat is absorbed. 

(b) As there is super-cooling of a liquid under some conditions, 
go there may be super-heating, that is, the liquid may be heated above 
its boiling point without boiling. 

(c) Both the freezing and the boiling points of a liquid are 
changed with pressure, though in the first case it is very small. 

(d) For both’ the processes there is generally an increase in 
volume. 

(e) In the case of a solution, the freezing point of a solution is 
lower, but the boiling point is higher than that of the pure solvent. 


123. Change of Volume of Water with Change of State :— 


When heated, water is changed from the solid at 0°G. to the liquid 
state, its volume decreases up to 4°C., after which it gradually 
increases up to 100°C., and when it is changed into steam at 100°C, 
at atmospheric pressure, its volume is increased more than 1670 
times; that is, a cubic inch of water produces about a cubic foot of 
steam. Tho curve (Fig. 58) shows diagrammatically (not to scale) the 
changes in volume when 1 gram of ice at—10°C. is heated to steam. 
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Tho portion AB of the curve represents the expansion of ice as its 
temperature increases from—10°C. to 0°. The portion BO represents 
tho state of melting cf ice when the volume diminishes, the tempera- 
ture remaining constant at 0°C. The portion OD shows the diminu- 
tion in volume of water as its temperature rises from 0°C. to 4°O. 
when it attains the minimum volume, after which the volume of water 
increases as its temperature rises from 4°0. to 100°C. at which the 
water begins to boil. This is represented by, the portion DE. The 
portion HF shows the state when water boils and changes into steam, 
the temperature remaining constant at 100°C., but the volume of the 
steam formed is enormously inereased being about 1670 times the 
volume of water taken. The portion beyond F shows tho increase in 
volume of the steam with the rise of temperature. 
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The large expansion, when water is turned into steam, accounts, 
to some degree, for the large value of the latent heat of vaporisation 
(536 cals. per gm. in the case of water). The required latent heat 
alters the condition of the molecules in changing from the liquid state to 
the vapour state and also to do external work in displacing the atmos- 
phere. The work required for this is great as the expansion is great, 
and so the amount of heat necessary is equivalent to the sum of both 
the types of work, internal and external. 


124. Determination of Height by Boiling Point (Hypso- 
metry) :—The height of a place can be roughly determined by knowing 
the atmospheric pressures at the top and at the bottom of the p'ace. The 
pressure of the vapour of a liquid at its boiling point is equal to the 
superincumbent pressure. So, by determining the boiling points by 
means of a hypsometer at the top and the bottom of any high place, 
the atmospheric pressures at both these places can be known by 
referring to the Regnault’s table of maximum pressure of water vapour. 
The process of determining height by this method is called hypsometry. 
The meaning of the word hypsometer is height-measurer. Roughly 
it has been estimated that there is a difference of 1 inch in baro- 
metric pressure for every 900 ft. change in altitude. The height can 
also be calculated in the following way :— 


The difference of pressures will be eur! to the weight of a column 
of air of height equal to the height of the place, and of area equal 
to 1 sq. cm. The pressure and the temperature of the air may be 
taken to the mean of the two pressures and the mean of the two 
temperatures at the top sad the boston, without much error. 


Let P,=atmospheric pressure at the top corresponding to the 
boiling point observed there. 
P,=atmospheric’ pressure at the bottom; H= unknown height ; 


fa and f2°=temperatures of the air at the top and at the bottom 
respectively. 


4+ 
Mean temperature, t= its ; mean pressure, pa tithe : 
Tf Vo be the volume at N.T. P. corresponding to H c.c. of air at 
pressure P and temperature, t, we have, 
PxH _16x Vo A ante 3 
Mt BIBS es? OTS +E. TE i 


The weight of this air 073 44" 16 x 0001298 x 981. 


since the density of air at N. T. P. = 0°001293 gm. per c. c. 


Se: 
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Again, the weight of the air column=(P,—P,)X13°6X981, since — 
1 c.c. of mercury weighs 136 gms. 
z” PREPA A Se } 
REET O96 X 0'001298 x 981 =( Pa — P1) X 13'6 X 981. 
(Pa— Py) x 13'6 X (273 +t) x 76 
P x 273 X0°001293 


The result obtained is, however, only approximately correct 
because the assumptions are approximate. 


Hence H= ms. 


Questions 


1. Why should the height of water in a vessel containing ice-cold water and 
a lump of ice floating on it be unaffected when the ice melts ? (C. U. 1933) 

2. A piece of ice is placed in a beaker. Water is then poured into the 
beaker until it is on the point of overflowing. Will the water overflow when 
the ice melts? What differences will be observed in the experiment, (1) if hot 
water be used, (2) if water at 4°C. used ? (Pat. 1922) 

[Hints.—(1) In this case, the volume of ice diminishes as it melts, as well as 
the volume of hot water diminishes as its temperature falls; so water will not 
overflow. (2) In this case, when the piece of ice melts, the water formed out 
of it fill up the space previously occupied by the portion of ice under water, but 
as this reduces the temperature of water in the beaker, which has got the least ' 
volume at 4°C., the volume of water will increase a litde and the water will 
overflow] 

8. Explain the phenomenon of regelation and describe experiments to 
illustrate it, (C. U. 1940) 

4. Itis found that a copper wire with a heavy weight at each end will cut 
its way through a block of ice, but a piece of twine will not. Explain these : 
results. 

5. Why two blocks of ice when pressed together form a single mass ? 

(C. U. 1950) 

6. What is the effect of pressure upon the melting point? In what way if 

at all, does it differ in the case of paraffin and of ice? Explain the phenomenon 


of regelation. (Pat. 1919; C. U. 1940) 
7. How can you demonstrate that pressure changes the melting point of a 
body and evaporation produces cold ? (Utkal, 1952) 
8. Explain the meaning of evaporation and ebullition. Describe suitable 
experiments to illustrate their meaning. (C. U. 1914) 
Distinguish between ‘evaporation’ and ‘boiling’. (Utkal, 1951) = 
9. State and explain the various factors that influence the rate of evapora- 
tion of water. (M. U. 1950) 


10. What is the cause of the cooling effect produced in a room when grass — 
(khas-khas) screen moistened with water is placed in front of the door ? iy 
(C. U. 1911) 

Why a person is liable to catch cold by wearing wet clothes? (C. U. 1950) Kig 

1k. A glass bottle and a jug of porous earthenware are both filled with 
water and exposed to air side by side. What diference do we notice between 
the temperatures of the water in the two vessels after a few hours? Explain why — 
this happens. If there is very little or no diference of temperature, what x 
conclusion may we draw as to the state of the atmosphere and why ? ; 
(C. U. 1915 ; cf. Pat. 
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(Hints.—In the glass vessel evaporation takes place only over the small 
surface exposed to the outside air through the neck of the bottle, while in the 
other case evaporation takes place through the pores of the whole vessel ; hence 
there is greater fall of temperature in its case. 

If there is no difference of temperature, it shows that the atmosphere is 
saturated with water vapour. z 

12. Distinguish between evaporation and boiling, and discuss the factors 
governing them. 

Describe an experiment to show the cooling of a liquid by evaporation and 
explain the observed effect. 

Do you know of any machine in which the above principle has been utilised ? 


(G. U. 51950) 

13- Explain the construction and action of some kind of practical freezing 
machine that does not require the freezing mixture. (Pat. 1951) 
x 14. Write a note on ‘Refrigerators.’ (U. P. B: 1947) 


15. How would you find out whether a space is saturated or not ? 
(C. U. 1929, '32; Pat. 1931; Dac. 1931) 
16, What is meant by maximum vapour pressure of water vapour ? Describe 
an experiment to determine it from the laboratory temperature up to 100°C. 
(G. U. 1921; cf. 1916, '17, 94, °34; cf. Dac. 1981; G. U. 1952) 
17. ‘Two barometers stand side by side. A few drops of water are introduced 
into the vacuum of one and a little air into the other. What would be the effects 
on the errors of the barometer readings thus produced for (a) change in the 
atmospheric pressure, (6) a change in temperature. (C. U. 1909) 
18. What is saturated vapour pressure? Under what conditions is a vapour 
able to exert such pressure? What happens when unsaturated vapour is com- 
pressed till further compression is impossible ? 
Jf water boils at 99°C. when the pressure is 733 mms. what is the saturated 
pressure at 101°C. ? Explain briefly. (Pat. 1929) 
[Ans. 7604-(760—733)=787 mms.] 
19. Distinguish between saturated and unsaturated vapours and discuss 
their behaviour as regards change contemplated by Boyle's and Charles’ laws. 
(Pat. 1931, *42) 
20. Describe the behaviours of saturated and unsaturated vapours when the 
pressure exerted on them is varied. (C. U. 1952) 
21. Explain how the maximum tension of aqueous vapour is determined 
at temperatures below and above the normal boiling point. 
(C. U. 1982; Utkal, 1952) 
[For determining the maximum tension of aqueous vapour from 0°C. to 
50°C., vide Art. 112 (Fig. 52), and from 50°C. upwards, vide Art. 119 (Fig. 57).] 
22. Water is sprinkled in a room containing a barometer. State how will 
the barometer be affected under the following conditions :— 
(a) The doors and windows are closed and the room is gradually heated. 
(b) The room is heated but with doors and windows open. (Pat. 1916) 
23. Into a cylinder exhausted of air and provided with a piston, there 
is introduced just enough water to saturate the space at 20°C. Describe 
what happens under the following conditions :— 
(a) The volume of the space is increased by pulling up the pi 
(b) The volume is diminished by niei preh ESE ea 
(c) , The volume remaining as at first, the temperature is increased to 50°C. 
(d) The temperature falls to 10°C. (C. U. 1910, '23, *24) 


| 
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24. 50 c.c. of a gas are collected in an inverted tube over water. The 
height of the barometer is 77 cms., the temperature of the room is 17°G, and 
the water level inside the tube is 76 cms. above that outside, What is the 
volume of the dry gas at 0°C. and at 76 cms. pressure? The maximum pressure 
of aqueous vapour at 17°C. is 144 mms. 

[Ans. 465 c.c.] 


25. Enunciate Dalton’s laws of partial pressure. (All. 1920; Pat. 1926, '40) 
26. A mass of air is saturated with water vapour at 100°C. On raising 
the temperature 200°C. without change in volume, the mixture exerts a pressure 
of 2 atmospheres. What was the pressure due to air alone in the initial 
condition, (Pat. 1988) 


[ Ans. 4386 mms. } 


27. Distinguish carefully between a gas and a vapour. 

(Pat, 1926, '44; C. U. 1927; Utkal, 1951) 

28. Describe an experiment to show that the vapour pressure of a liquid 
exposed to air at its boiling point is equal to the atmospheric pressure, 

(C. U. 1915; Pat. 1981; G. U- 1955) 

29. Explain the statement, “the vapour pressure of a liquid at its boiling 
point is equal to the superincumbent pressure’. How is this verified experi- 
mentally ? (C. U. 1952) 

30. Distinguish between boiling and evaporation. What conditions deter- 
mine whether a liquid will boil or evaporate ? 

(C. U. 1914, '25, '41 ; Pat. 1928, '41, "443 cf. Dac, 1931% 

[Hints.—A liquid evaporates as long as the vapour pressure at the tempera- 
ture of the liquid is less than the atmospheric pressure, and it boils when these 
(wo pressures are equal.) k 

31. Explain how a knowledge of the boiling point of water would enable 
you to determine the barometric pressure. 

Into the Torricellian vacuum of a barometer, water is introduced drop by 
drop till some water is left over. From the depression of the mercury column 
it is possible to determine the temperature of the room. How ? (C. U. 1913, '20) 

[Hints,—A liquid boils when its vapour pressure is equal to the superincum~ 
bent pressure. Knowing the boiling point we can find out the vapour pressure 
from the Reganult’s table which will be the same as the barometric pressure. 

From the depression of the mercury column the maximum vapour pressure 
at room temperature is known. Now by consulting Regnault’s table, the tem- 
perature corresponding to this vapour pressure, is known, which is the same as 
the temperature of the room.] 

32. Why does it take a longer time to cook food on the top of high 
mountains ? At Darjeeling the barometric height is found to be about 23” only. 
At what temperature will you expect water to boil there ? (Pat. 1919) 

[Hints.—There is a change of 0:04°C. in the boiling point for a change of 
1 mm. (or 004 inch) in pressure.) 

[Ans. 93°C] 

33. Define boiling point of a liquid. Describe suitable experiments to show 
that water can be made to boil at temperatures greater or less than 100°C. At 
Darjeeling the barometric height is about 23 inches. If there is a change of 
004°C. in the boiling point of water for a change of 1 mm. of Hg., at what 
temperature will water boil there. (Dac. 1942) 

[Ans. 92°97°C.] 

34, Define boiling point of a liquid. Describe suitable experiments to show 
that water can be made to boil at temperature greater or less than 100°C, 

(C. U. 1930, ‘41; Dac. 1932) 
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35, State the laws of boiling. How ig it that things cannot be cooked 
properly on a high mountain. How can water be made to boil at any tempera- 
ture above 100°C. ? (Del. U. 1943) 

36. Heat is continuously applied to a mass of ice at —10°C. until it 
becomes steam at 100°C. If the temperature is taken at intervals of time and a 
graph is plotted with temperature against time, what would be the shape of 
the curve obtained ? Give reasons for this. (Pat. 1935; C. U. 1922) 

37. Explain how you are able to determine (approximately) the height of a 


mountain by finding the boiling points of water at its top and bottom. 
(C. U. 1945; cf. Pat. 1943) 


—— 


CHAPTER VIL 
HYGROMETRY 


125. Hygrometry :—Aqueous vapour is more or less always 
present in the atmosphere ; for, evaporation takes place constantly 
from the surface of water such as from the seas, rivers, lakes, the 
“moist earth, the vegetations, etc. Hygrometry is that part of Physics 
which deals with the measurement of the amount of aqueous vapour 
present in a given yo'ume of air. The formation of cloud, mist ur 
fog, dew, etc. proves that water vapour js present in the atmosphere. 


On a warm damp day the outside of a tumbler of cold water soon 
becomes covered with dew owing to condensation of water vapour 
from the air. 

Tt has also been observed that on a cold night water vapour 
condenses on the inside of the glass panes of a sitting room window. 
The room receives water vapour from the breathing of the persons in 
it, but this vapour cannot saturate the warm air of the room. The 
glass of window boing thin is cooled to a lower temperature by the 
cold air outside. The air in contact with the glass is cooled to a low 
+emporature and becomes saturated with water vapour which is 
condensed on tho glass. This shows the existence of water vapour in 

_ the room. 


f 126. The Dew-Point :—Ordinarily the quantity of water vapour 
" present in the atmosphere is not sufficient to produce saturation, and 
so the pressure exerted by the vapour is less than the saturation 
- pressure at the existing temperature ; but the same quantity of vapour 
may be sufficient to produce saturation at a lower tenperature. if 
the air in a locality be cooled down, the pressure remains constant 
and is always equal to the atmospheric pressure; the air contracts 
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in volume and more air enters from the surrounding regions, but the 
pressure does not change. In case of the aqueous vapour in the air, 
the same statement is true as long as the air is not saturated. This 
pressure also remains constant until, on cooling, a temperature is 
reached at which the air becomes saturated; the pressure of the 
yapour at this temperature is the same as it was originally. If the 
air be further cooled, some of the vapour gets condensed as moisture 
and so the pressure falls. The temperature at which such condensa- 
tion starts is culled the dew-point, and the saturation vapour pressure 
at the dew-point is equal to the pressure of the aquweows-vapour under 
the original condition. 


Definition.— The temperature at which a mass of air is saturated 
with the aqueous vapour it contains is called the dew-point. 


Tt is clear from above that the pressure of aqueous yapour myy 
be found by determining the dew-point and then finding from the 
Rognault’s table of vapour pressures the saturation pressure at that 


temperature. 


Relative Humidity.— For meteorological work, the degree of 
saturation of the atmosphere is more important than the actual amount 
of water vapour in the air, This is known as the Relative Humidity 
of the Hygrometric State of the Air. Relative Humidity may be 
defined as— 
the mass of water vapour actually present in any volume of air at °C. w 


pressure of water vapour actually present in the air at 1°C. S (a) 


= re f 
pressure of water vapour necessary to saturate the air at (°C, 


saturation vapour pressure at the dew-point (a) 
=sturation- vapour pressure at the temperature (t°C.) of the air ae 


Relativo Humidity is generally expressed as a percentage and is 
calculated by applying either of the expressions (1) and (8). 


That is, Relative Humidity (R. H.) 


mass of water vapour actually present in any vol. of air at Cx 100 aie 
mass of water vapour necessary to saturate the same volume at eo, 


gatnration vapour pressure at dew-point x 100 ae bart 
saturation vapour pressure at air temperature (eC.) P zi 


*[Water vapour obeys the gas laws fairly well even up to the 
saturation stage. Suppose the (partial) pressure of water vapour in a 
volume V of air isp. If the absolute temperature of ait is T and 
the mass of water vapour present in volume V of air is m, we haye 


Aa . (1), where K corresponds to 


KT 


unit mass of water vapour. Let P be tho situration vapour pressure 


of water at the same temperature as that of the air. Assuming the — 
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equation to be still true, the mass M of water vapour which is required 
to saturate the air at the given conditions will be given by, 


_ PY. 
M ia Ae y s O) 


aS mp 

Dividing (1) by (2), MP 

A table is given below wherefrom it will be actually found that 
the water vapour in a given volume of air is nearly proportional to , 
the pressure it exerts, where m represents the mass of water vapour 
necessary to saturate one cubic metre of air at the temperatures shown 
and p the saturation pressure of water vapour at those temperatures. 


Absolute Humidity is defined as the mass of water vapour 
actually present in a given volume of air. This is generally expressed 
as the mass of water vapour in grams per cubic metre of air. 


Example.—On a certain day the dew-point was found to be 12°C., when the 
temperature of the air was 16°C. Calculate relative humidity of the air. 

Ans. By consulting the table of vapour pressures it will be seen that the 
saturation pressure of aqueous vapour at 12°C.=10°51 mms, and at 16°C. =13'62 
mms. 
10°51 


.. Relative humidity =73.69 


=0'77 or 77 per cent. 


MASS AND VAPOUR PRESSURE TABLE 


Temperature (°C) 0 6 | 10 | 15 20 25 


Mass m in gms. 4'9 6'8 


o 
R 
n 
© 
C 
= 
3 
w5 
to 
TS) 
© 


Pressure p in mm. 4'6 6'5 


dampness do not depend only on the actual quantity of water vapour 
present, but also on the quantity of vapour necessary to saturate tihe 
air ab that temperature. Itis on the ratio of the above two quantities. 
1.0. on the relative humidity, that our sensations of dryness: or damp- 
ness chiefly depend. It is found that ona cold misty day in winter, 
when the air seems to be quite ‘damp’, the actual amount of water- 
vapour in a given volume of air is often less than that ona hot day in 
summer when we feel the air is ‘dry’, because in the former case the 
‘amount of vapour the atmosphere’ contains isa larger fraction of the 
amount required for saturation. The dampness or dryness of the air 
is judged by the rate at which evaporation goes on, and this depends 
upon how far the air is from the saturation state, i.e. how much more 
vapour it can take up,and does not depend only upon how much » 
« water vapour the air already contains. 


127. Dryness and Dampness :—Our sensations of dryness or | 


HYGROMETRY 463 


Things such as wet clothes will be dried more quickly when the 
relative humidity of the atmosphere is low, because in such cases the 
atmosphere can readily take up more water yapour. Also the 
evaporation of moisture from such things as wet clothes will be more 
rapid if the air in contact with them is constantly renewed. 


The ventilation of buildings is necessary for two reasons—to 
remove the carbon dioxide exhaled by us and also to remove the 
water vapour evaporated from our lungs and bodies. 


Our bodies are constantly emitting water vapour, and this fact is 
very important from the standpoint of health. We know how difficult 
it is to work in a stuffy room. This is because the air in the room 
contains a lot of water vapour; that is, the air is nearly saturated 
with moisture due to which normal evaporation from our skin cannot 
go on, and this produces a feeling of uneasiness. 


This is particularly the case when the temperature of the atmos- 
phere is high, as the feeling of easiness depends upon evaporation 
from the body so that its temperature may not rise above the normal 
value. Hence in India the weither near about Bengal during the web 
season is more oppressive than that in other parts where the tempera- 
ture may be even 10° to 20°F. higher, because the atmosphere is drier. 


Tf the relative humidity of air is about 100 per cent., we perspire 
and the weather feels sultry and very oppressive. 


Relative humidity is determined regularly at meteorological 
stations, because it affords information as to the likelihood of rain. 
We can expect rain when air contains a considerable amount of 
water vapour. This damp air is lighter than dry air, because water 
vapour is lighter than air. The density of water vapour relative to dry 
air is 6/8. 

The record of the relative humidity is useful to the Publie Health 
Department as certain diseases thrive in damp atmosphere. It is also 
important for certain industries; for example, cotton weaving and 
spinning can be conducted satisfactorily only when the air is compara- 
tively damp. For this reason the damp climate of Lancashire has 
been found suitable for the development of the cotton industry. 


128. The Hygrometers :—Hyrometers (Gk. hugros, wet+ 
metron, a measure) are instruments usel for the determination of the 
hygrometric state of the air at any place and time. The hygrometric 
state is given by the relative humidity. : 

Tho hygrometers can be divided into the fo lowing classes :— 

{ la) Daniell’s Hygrometer. 
(b) Regnault’s Hygrometer, 


(1) Dew-point Hygrometers - 


(2) Wet and Dry Bulb Hugrometer. 
(3) Chemical Hugrometer. 
(4) Hair Hygrometer. 


el 
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(1) Dew-point Hygrometers :— 

(a) Daniell’s Hygrometer.—It consists of 
two bulbs A and B (Fig. 59) bent downwards con- 
nected by means of a wide tube. One of the bulbs 
A contain ether and the other bulb B with the 
tube connected to it is full of ether vapour, the 
air having been expelled before the apparatus was 
sealed up. There is a delicate thermometer ¢ inside 
the bulb 4 containing ether. The bulb is silvered, 
or gilt within, while the other is covered with 
muslin. Another thermometer T placed on the 
stem C indicates the temperature of the air. 


To determine the dew-point, some ether is 
if poured on the muslin which, on evaporating, 
Fig. 59—Daniell’s cools the bulb and condenses & portion of the 

Hygrometer, ether vapour inside. The pressure inside being 
thus reduced, ether from the other bulb A evaporates and so it becomes 
colder. The temperature is reduced until the dew-point is reached. 
The temperature of the thermometer inside the bulb is noted a3 
soon as the first film of dew appears on the silvered surface. The 
cooling process is discontinued by allowing the muslin to dry up and 
again the temperature is noted when the film just disappears. The 
mean of these two temperatures js the dew-point. j 


Sources of Error.—This form of hygrometer is rather defective 
for the following reasons : (i) Ether evaporating outside B contami- 
nates the air and this affects the bygrometric state of the air; (ii) It 
ig rather difliculé to observe the exict moment of appearance or dis- 
appearance of dew as there is no comparison standard (vide Regnault’s 
hygrometer ; (iii) Inside the bulb A. ether evaporates mostly at the 
surface of the liquid, which is thus 
cooled more rapidly than the interior 

-and thus actual dew-point is nob 
observed ; (iv) Because glass is a bad 
~ conductor, temperature outside A is 
“not the same as that inside. 
Precaution.— With any hygrome- 
_ ter, observation ought to be taken 
either (i) by a telescope, or (ii) by 
placing "a piece of glass between the 
observer and the apparatus, so that 
the result may not be effected by 
the heat from the body or breath. 7 

(b) Reganult’s Hygrometer.— » Big, 60—Regnault’s 
This is a better form of hygrometer. Hygrometer 
This consists of a test tube having a side tube (Big. 60), the lower 
part E of the test tube being made of silver. The mouth of the tube 
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is closed by a cork through which passes a delicate thermometer T. 
A glass tube A also passes down through the cork nearly to the 
bottom of the tube, 


To work the instrument, some ether is placed in the test tube. 
The side tube is connected to a vertical brass tube, which again is 
connected to the rubber tube C with an aspirator. The vertical brass 
tube is supported in a clamp. A second glass tube similar to the first, 
fitted with a thermometer ¢ inside it, is also mounted by the same 
support. By opening the aspirator, which is full of water in the 
beginning, a current of air, is drawn through the tube Æ which causes 
rapid evaporation and sufficient fall of temperature to condense the 
water vapour on the outside of the silver tube Æ. The temperature is 
noted and the aspirator is shut off when dew is first observed. 
Condensation of water vapour is ascertained from the loss of bright- 
ness of the surface Æ. The temperature is again noted as soon as 
the dew disappears. The mean of these two temperatures is the 
dew-point. The aspirator must not be placed too close to the 
hygrometer, for the water released from the aspirator may then alter 
the humidity of the space around. The other tube is not an essential 
part of the instrument, and serves only as a standard of comparison 
of brightness of the two silver surfaces Hand F. The thermometer t 
inside the other tube gives the temperature of the air. The relative 
humidity is then given by, 

saturation vapour press. at the dew-point 
saturation vap. press. at the temp. (¢°C.), of the air 


Relative humidity = 


Advantages of Regnault’s Hygrometer : 


(i) By regulating the flow of water of the aspirator, the rate of 
evaporation of ether in the tube can be better controlled than in the 
Daniell’s Hygrometer. 

(ii) Silver being a very good conductor of heat, the temperature 
of the ether, indicated by the thermometer, is practically the same as 
that of the silver surface which is in direct contact with the ether 
and the atmosphere, 

(iii) The presence of the dummy tube facilitates the observation 
of the appearance and disappearance of dew on comparing the bright- 
ness of the two silver surfaces. 

(iv) The continuous agitation of ether by the bubbling of air 
through it keeps the temperature uniform throughout its mass, ig 

(v) Observations being taken froma distance by a telescope, the 
result is not affected by breath or heat from the body. 

(2) Wet and Dry Bulb Hygrometer :— (Mason's Hygrometer or 
Psychrometer).—The humidity of the atmosphere can also be judged 
by observing the rate of. evaporation: When the atmosphere is dry 
evaporation goes on moré rapidly than when it is nearly saturated, 
Depending on this principle, the Wet and Dry bulb hygrometer is 
constructed. ia 
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It is a reliable apparatus used forthe determination of relative 
humidity without necessitating the gdew-point to be determined. 
The hygrometer consists of two mercury thermo- 
meters, placed ‘vertically side by side on a board 
which can be hung up against a yertical wall ; the 
bulb of one of the thermometers is covered with 
muslin, which is always kept moist by dipping its 
free end into water contained in a small vessel 
(Fig. 61). The continuous evaporation from the 
wet bulb keeps its temperature always lower than 
the other thermometer which is quite dry. The 
difference between the two temperatures indicates 
the humidity condition of the air. The drier the 
air, the quicker is the evaporation and the more 
rapid is the cooling, and so the difference between 
the readings of the two thermometers will be 
great and hence the dew-point will be low. When 
the difference is small, it indicates that evapora- 
tion from the wet bulb is very slow, and this is 
due to the presence of considerable water vapour 
in the air and hence the dew-point is high. If the 
air is already saturated, no evaporation will take 
place, and the two thermometers will give the 
same reading. 


aE ane Determination of Relative Humidity :— 
Bret Bulb (a) By Tables.—The dew-point and relative 
Hygrometer. humidity can be found by means of an experimental 
table given below : 


ee 
vc. 0 1 2 3 4 5 6 
10 9'2 8'1 T'O 6'0 5'0 4'0 s1 
11 9'8 8'7 76 65 55 4°5 8'5 
12 10°5 9'3 8'2 T1 6'0 5'0 4'0 
13 11'2 10'0 8'9 TG 65 5'5 4'5 
14 11'9 10°7 9'4 8'3 TE 61 5'0 
15 12°7 114 10'1 9'0 T8 6'6 5'5 
16 13°5 12°2 10°9 7 8'4 T3 6'0 
17 14'4 13'0 11'7 10'4 9'1 8'0 OT 
18 154 13°9 IAB T ILA 96 8'6 T5 
19 16'3 14'9 134 | 120 10°7 9'4 Bei 
20 17'4 159 13 | 129 115 10°2 8'8 


The first column giyes the temperature (¢°C.) of the dry bulb 
thermometer, and the second column the corresponding vapour 
pressure of water in millimeters. The numbers 1, 2, 3, etc. .at the 
top of the other columns indicate the difference of temperatures in 
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degrees centigrade between the dry and wet bulb thermometers, The 
use of the table will be clear from the example given below : 

Example. . The reading of a dry bulb thermometer is 18°C. and that of the 
wet bulb 16°C. Find the -relative humidity of the air, and the dew-point. 

Ans. The difference in dry and wet bulb temperatures= 18—16=2°C. 

In the first column, we find 18°C. and on the same level in the second 
column we find 154. Then 154 mms. is the vapour pressure at 18°C. Now at 
the same level in the column headed ‘‘2’’—the difference of the two temperatures, 
we find 125. Then 125 mms. is the vapour pressure at the dew-point. 

Hence the relative humidity= je 0s, or 81 per cent. 

The dew-point is the temperature at which 125 mms. is the saturation 
vapour pressure. From the second column we find that 127 mms. is the 
vapour pressure at 15°C. and 119 mms. at 14°C. So the dew-point is little 
below 15°C. We observe from the table that there is a change of 08 mm. 
in the vapour pressure for a change of 1°C. in temperature from 14° to 15°; 
so, for an increase of (125—11°9) mm. in vapour pressure, the change in 
temperature=0°6/08=0°70°C. 

The actual dew-point is (14+0:75)=14:75°C. 


(b) By Formula.—The relative humidity and dew-point can also 
be calculated by determining the pressure f (in mm.) of aqueous 
vapour from the formula, f= #—0'00077 (t—1')x H, where t is the 
reading of the dry bulb and t' that of the wet bulb thermometers on 
the centigrade scale, F the saturation pressure of the aqueous vapour 
at (°C. and H, the atmospheric pressure (in mm.). 

(e) By Glaisher’s Formula.— The dew-point can also be deter- 
mined from the Glaisher’s Formula. If %=dew-point, then 
{—to= F(t—t'), where F is the Glaisher’s Factor. 

The following table gives the values of the Glaisher's Factor 
corresponding to different Dry Bulb (D.B.) temperatures. 


GLAISHER’S FACTOR TABLE 


D.B. Temp. Glaisher’s D.B. Temp. Glaisher’s Factor 
°0, Factor (F) 20, (2) 
4 7°82 12 1'99 
5 728 14 1'92 
6 6'62 16 1'87 
Ni 577 18 1°83 
8 4°92 20 1'79 
9 4°04 22 1'75 
10 2°06 24 1°72 
11 2'02 26 1°69 
28 1°67 
30 1°65, 
82 1°63 
34 1'61 
36 1:59 


Pe 
(3) Chemical (or Absorption) Hygrometer.— The mass of 
water vapour present in a given volume of air can be measured directly 
© in the following manner :— 
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The apparatus consists of an aspirator A (Fig. 62) filled up with 
water and provided at the bottom with an outlet tap. It is connected 
with a bettle B, 
called the trap 
bottle, containing 
concentrated HeSO, 
which is connected 
successively to the 
drying U-tubes C 
and D filled with 
phosphorous pent” 
oxide or anhydrous 
Fig, 62—The Chemical Hygrometer. calcium chloride. 


The thermometer placed near the open end of the tube D registers the 
temperature of the air. In an expt., the tubes C and D are detached 
and weighed (W,). Water is then allowed to run out from the 
aspirator by opening the exit tap whereon a slow current of air is 
drawn into the aspirator. When a considerable amount of water has 
passed out, the tap is closed and the water level in the aspirator 
marked, The tubes C and D are taken out and weighed again (Ws), 
The difference in the two wts. gives the quantity of moisture absorbed 
from the air at a certain temperature. In the second part of the expt. 
a tube charged with pumice stone soaked in water is then connected 
to the tube D. The aspirator is again filled up with water up to the 
same level as in the beginning of the first expt., the tap opened and 
water allowed to come out till its level again falls as before. In this 
case, the same volume of air saturated with water vapour is sucked 
‘in. The wt. of the tubes C and Dis again taken (Ws). The difference 
between the second and the third weights gives the mass of moisture 
absorbed from an equal volume of sturated air at the sume tempera- 
ture. Then relative humidity 


Viti 


(4) Hair Hygrometer.— The principle of the Hair Hygrometer is 
very simple. Hair when moist 
slightly increases in length. This 
change of length with moisture is 
utilised in the working of this hygro- 
meter. 


A fine hair formerly treated with 
caustic soda solution so as to be free 
from grease and then washed and 
dried is stretched as shown in Fig. 63. 
Its one end is fixed at EH while the 
other end passing ultimately round 
a grooyed wheel F is attached toa 
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spring S which keeps it faut. When the length of the hair increases, 
the grooved wheel moves a pointer P attached to it over a scale which 
gives the relative humidity values directly, being previously calibrated 
by comparison with a standard hygrometer. 


The advantages of the instrument is that it reads the humidity 
value directly when simply put in an enclosure. 


129, Mass of Aqueous Vapour (Mass of Moist Air) :—It is often 
required to find the mass of water vapour present ina given volume 
of moist air. Assuming that the vapour obeys the gas laws and 
knowing that the density of water vapour compared with that of 
air is 5/8 (or 0°62) at the same temperature and pressure, the mass of 
a given volume of moist air can be calculated as follows :— 


Suppose we want to find the mass of 1 litre of moist air at t0, 
when the height of the barometer is P mm. and the vapour pressure 
obtained from dew-point observation is f mm. According to Dalton’s 
laws, the pressure of the air alone is(P—f)mm. The volumo V of 

273 (P-A 


1 litre reduced to N.T.P. becomes V=1X 273-41 x “160. litre, 


The mass of 1 litre of air at N.T.P. is 1'298 gm. 
`. Mass mı of V litre of air at N.T.P. [which is the same as 


918 | P-F 
273 +4 760 E% 


Again, the pressure of water vapour is f mm. ; hence its mass 


0°69 10809 eee ee 
my = 0°62 X 1293 X zma; X aay em. vas Tene 


The mass of 1 litre of moist air=mi+mo 


B18. (Papi j 273 f 
= 1'293 X a X a +0°62% 1.298 x = — X pon Em. 
1298 X aTa” 760 062% 1-298 X 7a e0 om 
d ES raean) 
273 +t 760 
A 278 P-0'38f 
= 1263 x <= — x om, ae pron) 
ET 
Examples. (1) Find the mass of a litre of moist air at 32°C. and 758'2 
mm., the dew-point being 15°C. The maximum pressure of aqueous vapour at 
32°C. is 12°7 mm. a 
Ans. The whole gaseous mass may be divided into two portions,—one litre 
of dry air at 32°C. and (7582—127) mm. or 745°5 mm., one litre of water 
vapour at 32°C, and 127 mm. (cf. Dalton’s law). 1 litre of dry air at 82°C. 


1 litre at ¢°O.and (P—f) mm.] = 1'293 x 


=1'293 x 


273 745'5 y; 
and 745:5 mm. reduced to N.T.P. Becomes x eS ag x “760 Litre. 


The mass of this air=1:293 x 213 x 1455 


505 mgo — 11892 gm., since 1 litre of dry 
T 


gair weighs 1'293 gm. 


ba i 
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273 127 _o, 
The mass of aqueous vapour= Š x 1'293 x 505 X70. =0 oe gm. 


~. The mass of 1 litre of moist air=1*1352 400121 =1'1473 gms. AE, 
(2) A cubic metre of air at 30°C. of which the relative humidity is ge is 
cooled to 5°G. Find the quantity of vapour which will be condensed into wal a 
The maximum pressure of aqueous vapour at 30°C.=31'6 mm. and at 5°C.=6 
mm. 
mass m of vapour present in 1 cu.m. of air at 80°C. _ 


mass of vapour necessary to saturate 1 cu.m. at 30°C, 
whence m=22'9 gms.=mass of vapour 


Ans, Relative humidity= 


"~ 08 ps dL 
CD baat ae B16 | 273° 
sg %1298% 760 * 308 
present at 30°C. : i ape 
Again, mass required to saturate 1 cubic metre of air at 5°C.= 
not 6:5278 = =6'8 gm, .'. Vapour condensed =(m—m ) 
8 X 1298 X 7go * a788 m, gms. (say) gm, . pi 1 
s.=(22 9—68) gms.=16:1 gms. 25 
ee (3) If 200 gms. of water are collected to evaporate in a room containing 50 
cubic metres of dry air at 30°C. and 760 mm., what will be the relative humidity 
of the air in the room? 
Ans. If f be the pressure of the vapour formed, we have (see Ex. 2) 


= 5 fy 23 n t=£17 mms. The maximum 
200 50x 5 X 1293X 765 X 3784+30 
pressure of aqueous vapour at 30°C. is 816 mms. ~. R-H.= IT = 013. 


(4) The temperature of the air in a closed space is observed to be 15°C., and 
the dew-point 8°C. If the temperature falls to 10°C., how will the dew-point 
be affected? (Press. of aq. vapour in mms, of mercury, at 7°C.=7°49; at 
8°C.=8'02). (Pat. 1925, ’31, ’40, 41; G.U. 1949) 

Ans, If the volume of the space be reduced, then, when the space is 
saturated with vapour, some vapour will be condensed but the pressure will 
remain constant, and if the space be not saturated then there will be no con- 

+ densation on reducing the volume, and pressure will be increased instead of 
remaining constant. 


As it is a closed space (i.e. volume is constant), the pressure is proportional 
to the absolute temperature. 
. Press. at 10°C. (104273) _ 283 
** Press. at 15°C. ~(15+273) 288° 
But the pressure at 15°C.=maximum pressure at 8°C. (the dew-point)=802 
mms. 


Press. at 10°C. =802 x 759 =788 mms. (approx.). 
Now, a temperature is to be found for which 7:88 mms. will be the maximum 
pressure. The temperature will be the dew-point corresponding to 10°C. From 
the data given it is seen that for a change of 1°C. in temperature there is a 
change of (8:02—7-49) or 0°53 mm. in pressure. 
Therefore for (802—788) or 0:14 mm. change in pressure, the change in 
temperature=}°C. approx.). So, at 10°C, the dew-point is lowered by }°C. 


130. Condensation of Aqueous Vapour :—The condensation 
of aqueous vapour in the air gives rise to the formation of cloud, rain, 
sleet, snow, hail, frost, fog or nist and dew. 
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(a) Clouds, rain, sleet, snow, hail, frost or hoar-frost.— 


Clouds.—Due to constant evaporation from the water-coyered 
areas of the earth's surface, the moist earth and the vegetations, 
the lower layers of the atmospheric air are always charged with water 
vapour the quantity of which differ from one region to another 
due to local conditions, temperature, etc. The moist warm air, 
Saturated or unsaturated, being lighter than dry air, rises to higher 
levels where the pressure is less, The temperatures lof the higher 
layers are also lower and lower, the higher the layers are, till the 
limit of the troposphere is reached. The rising moist air is gradually 
cooled down by expansion to lower and lower pressures and also 
duo to the temperatures of the higher and higher layers being lower 
and lower, Ifthe moisture-laden air is chilled below the saturation 
point, the excess of moisture is deposited into tiny droplets at some 
height. Clouds are nothing but formations of such droplets floating 
in the air. They remain stationary or may be moving with the wind, 


Clouds show a great variety of forms. The variety is due to 
differences in the conditions under which the clouds are formed. 
When a big column of warm moist air ascends into the upper colder 
air, a region of condensation at the top of the ascending column is 
formed with a copious supply of vapour and we have a form of clouds 
known as cumulus clouds. When currents of moist air at different 
temperatures meet, the layers in contact may become regions of 
condensation and clouds of the stratus type appear. When the 
clouds are formed at great heights where the temperature is very 
low, the droplets in the condensed phase may be turned into tiny 
ice crystals forming what are known as cirrus clouds, The dark 
rain-clouds, known as nimbus clouds, are nothing but very dense 
cumulus-like formations at comparatively lower heights. 


Rain.—If the lower layers of the atmosphere are saturated with 
water vapour, the small cloud particles in the condensed phase may 
collect into drops by coalescing with each other and fall by gravity as 
rain. Asarain drop falls, water vapour in the succeeding layers 
condenses on the cold drop which thus grows in size as it falls, The 
drops vary in sizə and so is the velocity of the fall, for they pass 
through viscous air. 


Sleet.—If the falling rain freezes before it reaches the ground, 
it is called sleet. 


Snow.—If the cold at a layer of the saturated atmosphere is 
sufficiently intense to freeze minute particles before they collect into 
rain drops, a fall of snow takes place. 


Hail.— If the rain drops already form, and are then frozen, the 
result is hail. Due to violent air currents accompanying thunder- 
7 storms, the condensed moisture is carried up and down through 
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regions of snow and rain and so hailstones with alternate layers of 
white snow and clear ice are formed. 


Hoar-frost.—If the temperature of the earth's surface and of 
the objects on it rapidly fall below 0°C. before the air reaches the 
dew-point, the water vapour in contact with the surfaces directly 
turn into ice crystals and are fast deposited as frost or hoar-frost. Thus 
the frosting of surfaces is caused by direct freezing of water in contact 
and is not due to frozen dew. 


(b) Fog (or mist).—The distinction between fog and mist is 
in the degree of condensation. Thick mist is fog. Fog or mist 
is a cloud formed at or near the earth’s surface. The cloud is formed 
by the condensation of water vapour inthe air on hygroscopic particles 
of dust or dirt, Ordinarily dusts do not serve us condensing nuclei— 
they must be appropriate particles. Thus in large towns and 
industrial areas, dotted with smoking chimney'’s the dense fogs that 
are formed are due to condensation of water vapour on particles 
of soot and other particles of dirt. Though clouds are formed much 
above the earth’s surface anda fog or mist on or near it, the mode 
of fog formation is practically the same as that of a cloud, the difference 
being only in that in the formation of fog the moisture-laden mass 
of air must be at rest or at most in very slow motion, while in the 
case of clouds it need not be so. A fog is more stationary and fixed 
in form than a cloud. 


The yapour-laden air must be cooled below the dew-point for the 
fog or mist to appear. When warm saturated air comes in contact 
with a mountain top which is very cold, the air is cooled below the 
dew-point and the mountain peak is enveloped with a thick mist. 
During a cold still night, cold air runs down a hillside into the valley 
and may so cool the airin the valley that its water vapour condenses 
into a thick mist. Such mists often begin to develop over damp 
meadows or marshy lands after sunset and fill the whole valley by 
early morning. A mist like this is quickly dispersed with the rising 
of the sun. 


Fog generally disappears before noon. For, the atmosphere warms 
up and tends to be unsaturated when the condensed phase re-evaporates 
and the fog disappears. 


(ce) Dew.—During the day the air in contact with objects 
which are heated by direct radiation from the sun, is charged with an 
amount of water vapour which remains unsaturated due to high 
temperature. During the night, cooling takes place and objects 
which radiate their heat well, cool below the temperature of the 
surrounding air and in consequence, the air in contact with them 
becomes saturated with the vapour it contains. With furthur cooling, 
a portion of the vapour is deposited as dew on the surfaces of the 
cold bodies. Green plants are good radiators of heat;so dew is 
deposited copiously on green leayes and grasses. 


D 
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The conditions favouring the formation of dew are (i) a clear sky 
for free radiation from the heated objects; (ii) absence of wind in 
order that air in contact with any object may remain there to be 
cooled below the dew-point; (iii) the objects on which dew will be 
formed must be (1) good radiators so that they may cool rapidly, 
(2) bad conductors so that their loss of heat by radiation may not be 
compensated for by a gain of heat from the earth by conduction, 
(8) placed near the earth—if situated very much up above the earth’s 
surface, the air in contact being chilled will become heavier and sink 
towards the earth and will be replaced by warm air from above, and 
80 vee of the air will be cooled enough so as to deposit its vapour 
as daw. 


The above theory of formation of dew is duo to Wells. According 
to some experiments, dew is formed not only out of the vapour present 
in the air, but also from vapour arising from the earth and the vege- 
tation on which the dew is formed. 


130 (a). Rain-gauge :—It is an instrument for measuring tho 
amount of rainfall in a locality. The instrument in common use is 
known as “Symon’s Rain-gauge”, which consists of a 
funnel provided with a circular brass rim haying a diameter 
of five inches. It is fitted to a collecting vessel, which 
is generally a bottle B, placed within a metal cylinder 
(Fig. 64). The funnel F is kept one foot above the ground. 
The rain passing through the funnel collects into the 
bottle and the quantity collected in a certain period is 
measured by a glass cylinder graduated to hundredths of 
an inch, The rainfall of a place is expressed in inches or cms. 
per annum. An jnch/cm. of rainfall means that the amount 
of water collected would fill to the depth of one inch/em. 
a cylinder with its base equal to the rim of the funnel. Fig. 64— 

In the Indian Union we have the greatest amount of Rain-gauge. 
rainfall in Cherapunji, The average value of annual rain- 
fall in Bengal is about 75 inches, in Bihar and Orissa 52 inches, in 
Bombay 45 inches, and in Cherapunji 500 inches. 


Questions 


l. Why does a glass tumbler ‘cloud over’ on the outside when ice-cold 
water is poured into it? (C. U. 1980; Dac. 1929) 

9. Write a short essay on ‘Hygrometry’. (U. P. B, 1948) 

3. Explain the formation of dew. Show that the pressure of unsaturated 
vapour in a room is equal to the saturation pressure at dew-point. 

Define Relative Humidity. On what factors does it depend? Obtain an 
expression for its determination. (Pat. 1932; All. 1945; cf. G. U. 1949) 

8. (a) A hot day in Puri causes greater discomfort than an equally hot day 
in Delhi. Why ? (C. U. 1948) 

4. What is meant by Relative Humidity? Explain how the determination 
of the dew-point enables you to calculate the relative humidity of a particular 
place. (All. 1946; A. B. 1952; G. U. 1953) 
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5. Define ‘Relative Humidity’. Does our opinion of dampness or dryness 
depend upon the absolute quantity of water vapour present ? Explain your 
answer fully. Describe Daniell’s Hygrometer and explain how it is used fe 
determine relative humidity. (All. 1922) 

6. Wet clothes are usually seen to dry sonner in the cold weather than in the 
rainy reason, though the temperature in the latter case is higher. Explain. 

(All. 1945) 

The average temp. of a summer day is much higher than that of a winter 

day, but still a damp cloth dries more quickly on a winter day. Explain why ? 
(All, 1929) 

7. Define ‘Humidity’ and describe two different methods of determining it 
in the laboratory. What result would you expect to get on a very wet day in 
the rainy season ? (Pat. 1927, "31; cf. C. U. 1937) 

8. Calculate the dew-point when the air is % saturated with water vapour, 
the temperature being 15°C., given that for the pressure of 7, 9, 11, 13 mms. of 
mercury, the corresponding boiling points of water are 6°,10°, 13° and 15°C. 
respectively. (Pat. 1935, °37) 

[Ans. 9°8°C,] 

9. What is meant by Regnault’s table of saturation pressure of aqucous 
vapour? Show how this table will enable you to determine the relative humi. 


dity of air, if dew-point is known. (C. U. 1944) 
10. Describe a dew-point hygrometer and explain its action. What use is 
made of this instrument in weather foreasting. (C. U. 1938) 


[Hints.—If the difference between the room temperature and the dew-point 
is very small, it indicates a moist weather, and if there is a big difference 
between the two-temperatures, it indicates a dry, i.e. good weather.] 

Il. Calculate the temperature at which dew will be deposited when the 
hygrometric state of the air at 20°C. is 53 per cent. relative humidity. 

[Ans. 101°C] ; 

12. Define dew-point and describe an accurate method of finding it. Why 
is dew more copious on some bodies than on others ? 

(All. 1917, "26; Pat. 1945 ; cf. C. U., 1937) 

13. Describe a wet and dry bulb hygrometer. How would you determine 


the relative humidity with its help ? (Del. 1943; Mad. 1949) 
14. Describe Regnault’s hygrometer and explain how you would use it to 
determine relative humidity. (U. P. B. 1942) 


15. Calculate the mass of 7'5 litres of moist air at 27°C., given that the 
dew-point is 15°C. and the barometric height 76275 mms. Calculate also the 
humidity of the air. Vapour pressure of water at 27°C and 15°C.=25'5 mms. 
and 1275 mms. respectively. 

[Ans. 89 gms. ; 05] 

16. Write a brief illustrative account of the nature and mode of formation 
of clouds, fog and dew. Indicate the conditions that are favourable for their 
formation. (Utkal, 1951) 

17. Cloudless nights are better for the formation of dew than cloudy 


ones, Explain. (Dac. 1929, U. P. B. 1950) 
18. Write a note on ‘clouds’. (U. P. B. 1947) 
19. Explain the formation of clouds. (C. U. 1932) 
20. Why does fog generally disappear before noon ? (C. U. 1927) 
21. Explain how dew is formed on blades of grass and not on the leaves 
of trees, (Utkal, 1954; cf. Pat. 1945) 
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CHAPTER VII 
TRANSMISSION OF HEAT 


131. Modes of Transmission :—There are three distinct pro- 
cesses by which heat may be transferred from a place to another. 
These processes have been named conduction, convection and 
radiation. 


It is a law of nature, it must’be remembered in this connection, 
that heat of itself can pass from a place of higher temperature to a 
place of lower temperature and not in the opposite way. That is, 
unaided heat passes down the gradient of temperature. This law of 
naturo is called the Second Law of Thermodynamics. 


(1) Conduction.—In conduction heat passes along a substance 
from the hotter to the colder parts, or from a hotter body to a colder 
one in contact, without any transference of material particles. When 
one end of a metallic rod is put into a furnace, the other end is heated 
by conduction. A material medium only can pass heat by conduction. 


(2) Conyection.—In convection heat is transferred from the 
hotter part of a material medium to the colder parts by the bodily 
movement of hot particlese When a vessel containing a liquid is 
heated from below, the upper layers of the liquid are heated mostly by 
convection, 


(3)..Radiation.—In radiation heat is conveyed from one body 
to another, entirely separated from it, without heating the intervening 
medium which may be material. or vacuous. The heat of the sum 
is received on the earth's surface by radiation. 


132. Conduction :—When a_ body is heated, the molecules 
there vibrate vigorously, and this increased agitation (i. e. the 
increased heat energy) is passed on by collision from particle to particles. 
Consider the mechanism of conductions of heat to the other end of a 
metal bar heated at one end. Here heat is first communicated to 
particles of the bar in contact with the source of heat. These particles, 
as a result, vibrate more vigorously about their respective mean posi 
tions of rest and transfer the energy to adjacent particles by collision ; 
and these the next layer of particles, and so on. The energy of 
vibration so condueted from layer to layer means the heat transferred 
by conduction. Some substances conduct heat better than others. 
Metals are generally good conductors, while substances like glass, 
mica, ebonite, felt, etc. are all bad conductors of heat. Air and 
other gases are bad conductors of heat. 

God and Bad Conductors : Expts.—(1) Prepare a small vessel 


of thin paper. Place a piece of copper wire-gauze on aà tripod stand 
and then place the paper vessel on it. Now carefully put some 
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water into the yessel and heat the water 
gently from below the wire-gauze. After 
sometime the water will begin to boil. As 
the paper is very thin, the heat is con- 
| ducted rapidly throug; the paper to the 


water and so the temperature reached is 
not sufficient for the paper to be charred. 
The temperature of water does not rise 

(2) above 100°C. 
(2) Lower a piece of wire-gauzo 
5 upon the flame of a Bunsen burner. The 
flame burns below the gauze and does not pass through the meshes of 
the gauze [Fig. 65(a)|. Now put out the gas, and holding the gauze 
` about two inches above the top of the burner, turn the gas on. Light 
the gas above the gauze. It burns, but the flame does not travel 
down the gauze [Fig. 65(b)l. No combustible substance will burn, 
eyen in presence of air unless it is raised to a certain temperature 
Imown'as the ‘temperature of ignition’ for that particular substance. 
The reason why the flame does not pass through the meshes of the 
gauza is that metal wires conduct away the heat so rapidly that the 
temperature of the gas on the other side of the gauze does nct rise 

high enough to ignite the gas. 


Fig. 65 


133. Thermal Properties of some Materials :— 


(a) Davy’s Safety Lamp (Fig. 66) used in mines is an example 
in which the high conductivity of a motal has been utilised. It 
consists of an oil lamp, the flame of which is sur- 
rounded by a cylindrical wire gauze of close mesh. 
yen if the lamp is surrounded by an explosive gas, 
the heat is conducted away so rapidly that it prevents 
any flame from passing from the inside to the outside, 
and, when brought in the atmosphere charged with an 
_ explosive gas the danger is indicated by the character 
of the flame. 

(b) Other Mlustrations.—The advantage of the 
bad conductivity of glass is often taken in opening a 
glass stopper which is stuck tight in the neck of a | 
bottle. If the neck of the bottle is gently and carefully | 
heated, the neck expands before the stopper which E atl 
becomes loose thereby. 


Our feeling of warmth or cold on touching diffe- 
rent bodies depends to a great extent on conductivity. 
Thus, if we touch iron and flannel (both being placed 5 
in the same room) the temperature of which is below amp, 
that of the hand iron appears to be colder, because it rapidly conducts 
the heat from the hand, and flannel being a bad conductor conducts 
very little heat. If the temperature of iron and flannel be above 
that of the hand, as when kept in warm air (or rooms), iron appears 


| 


é 
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to be warmer, because it rapidly conducts more heat to the hand than 
the flannel. 

This is the reason why apiece of metal appears hotter to the 
touch than a piese of wood when both have been lying Jong in the 
sun ; and for the same reason a marble floor appears colder than an 
ordinary cemented flour. 

(c) Use of Bad Conductors.—In summer ice is packed with felt 
or svw-dust which being bad conductors do not conduct heat to the 
ice from outside. We use woolen dress in winter because it conducts 
very slowly the heat of our bodies to the outside air, and thus the 
feeling of warmth is maintained. Again, the handles of kettles and 
tea pots are very often made of wood, or of yuleanite, in order that 
the heat from the hot water or tea may not pass through them as 
much as through a matal handle. Besides this it should be noted 
that the very low conductivity of cotton, wool, felt and other fabrics 
of opan texture is largely due to the low conductivity of air enclosed 
inthe fabric. For this reason woo! is preferred to cotton for pre- 
paring warm clothings as the texture of wool is more loose and so 
it contains. more air. It should be noted that the bad conductors not 
only keep in heat, but they also keep out heat. 

134. Comparison of Conducting Properties :—The conduct- 
ing property of different substances can be compared by an experiment 
of the following type :— 

Expt.—Take a cylinder one-half of which is brass and the other 
half wood. Wrap a piece of thin paper 
tightly round the cylinder, and hold 
the middle portion on a Bunsen flame 
(Fig. 67). It will be seen that the paper 
over the wooden: portion is scorched long 
before any effect is produced on the other 
half. 


The brass being a good conductor, 
conducts away the heat so rapidly that 
the paper is not scorched; while wood, 
beinga bad conductor, is not able to do 
this. 

135. Thermal Conductivity :— 


If Q@=total quantity of heat conducted through a plate, 


then it is found, Q << A, the area of the plate, 


<< (6,—@s), when 6, 63 are respectively the 
temperatures of the hotter and colder faces of 
the plate, 

-c ¢, the timein seconds in which the quantity 
Q passes. 

<< 1/d, d being ie Cpe of the plate. 


= q <A 00) that is q-= ane 6a) 


478 INTERMEDIATE PHYSICS 


where K is a constant and characteristic of the material of the’plate. 
This constant K is called the thermal conductivity, or the coefficient 
of conductivity of the material. 


Ii in the above equation we take A=1sq, cm, d=1 cm., (81—02) 
=1°C., t=1 sec, then we have K=Q cals. cm., `+ G,,71 sec™?. 


That is, thermal conductivity of a material is the amount of heat 
which passes im one second through the opposite faces of a unit cube 
(i.e. 1 om. cube) of it, the difference of temperature between the opposite 
faces being T'O. 


Note. The quantity (6,—62)/d, or in other words, the fall in 
temperature per unit length is called the temperature gradient. 


136. Thermal Conductivity and Rate of Rise of Temperature :— 


Lot us consider a metal bar whose one end is held in fire. As the 
temperature at this end rises, the layer of the metal next to it 
receives heat by conduction. Of the transferred heat this layer absorbs 
a part on account of which its own temperatures rises, loses, another 
part by radiation from its surface and convection of gases around it, 
and passes on the remainder tothe next layer. This continues for 
some time. Then a stage comes when each layer attains a. stationary 
or steady temperature, i.e. does not absorb any more heat passed on 
to it by the preceding layer. This state is known as the stationary 
state. After this state is reached, the passage of heat down the bar 
depends only on the conductivity of the bar. The state previous to 
the stationary state is called the variable state, for during the state 
each layer absorbs some heat from what it receives and rises in 
temperature. Tn this state both absorption and conduction of heat 
take place. ia 

In tho variable state, the rate of increase of temperature depends 
not only on the thermal conductivity of the substance but also on its 
specific heat, which is the quantity of heat required to raise unit mass 
of the substance through unit temperature. The quantity of heat 
reaching any portion of the rod will depend on the thermal conduc- 
tivity, but the rise of temperature produced by that amount of heat 
will depend on the specific heat of the material. If the specific heat 

“4s low, the temperature of any portion of the rod rises quickly until 
tho stationary state is reached, even if the conductivity of the substance 
is not high, because in this case, only a small amount of the heat 
that comes along is necessary to raise the temperature. But on the 
other hand, ifthe specific heat is high, the temperature of any portion 
of the rod will rise very slowly (to the stationary temperature) even if 
the conductivity of the substance is also high. Consider a unit cube 
(i.e, volwme=1 c.c.) of the material of the rod. 

Let d = density of the material, i.e. mass of unit volume, s= specific 
heat of the material, #°C=rise of temperature per second. and 
Q=auantity of heat reaching the volume per second- 

We have, then, d.s.t=@ or, t= Q/é.s. 


—— p 
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. That is, the rise of temperature during the variable state produced 
in a unit volume of the rod is directly proportional to the quantity of 
heat reaching the volume, and 30, to the thermal conductivity and 
inversely proportional to the product of the density and specific heat, 
that is, the thermal capacity per unit volume. 
So, the rate of rise of temperature depends on the ratio of, 
ins thermal conductivity ; 
d.s thermal capacity per unit volume 
The ratio K/d.s has been termed by Lord Kelvin as diffusivity 
(or thermometrie conductivity) of the substance. 


Taking the case of iron and bismuth, we have the thermal capacity 
of unit volume of iron (7°8x0'11=0'858) much greater than that 
of bismuth (9°8x0'03=0'294) and so, if we take a rod of bismuth 
and a rod of iron in Ingen Hausz's experiment (Art. 137), the rate of 
melting of the wax (vide Fig. 68) at the beginning will be much lower 
for the iron. But the thermal conductivity of iron being 7 times 
greater than that of bismuth, a longer length of wax will be ultimately 
melted along the iron. 


Thus, it is clear that both the thermal conductivity and specific 
heat play important part during the variable state; but when the 
stationary state is reached, no more heat js absorbed, and the flow of 
heat then depends only on the thermal conductivity. Therefore, in 
comparing the thermal conductivities of different substances, we should 
wait until the stationary state is reached. 


137. Comparison of Thermal Conductivity :— 


Ingen Hausz’s Expt.—A number of metal or other rods, of the 
samo length and diameter are introduced into the holes in front of a 
metal trough (Fig. 68). All the rods are 
previously covered with a uniform coating 
of wax, and the metal trough is then filled 
with boiling water. Heat is carried along 
each rod, and at the proper temperature, 
wax melts. After sometime a steady state 
(Art. 186) is reached, when there is no 
further sign of melting of the wax. It will Fig. 68—Ingen 
be observed that the wax melts up to differ- Hausz's Method 
ent distances along different rods showing that the conducting power 
of different substances is different. 


It can be proved from theoretical considerations that after the 
steady state is reached the thermal conductivity of the different rods 
are proportional to the squares of the lengths of the wax melted on 
the rods. 

Thus, if lı, las ls, etc. are the lengths of the rods, and if kı, ka, ka, 
etc. are eee conductivities, we have, ki: ke: ks ...... AUREA 
=l? : laf tls” ...- 


ce ie gi 
3 . ais 
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NB. Boforo the steady state fs reached in the Ingen Housz's 

rimont, heat diffuses through the different rods at different rates 
f ding on the diffusivity of tho substances and so the time-mto of 
tho molting of wax gives the measure of diffusivity along a rod. 


188. Determination of Thermal Conductivity of Solids :— 
The smo method is not applicable to all solide for the determination 
of the thermal conductivity. Tho notual methods are different 
_ Seponding on whother the solid isa good conductor like a motal, or n 

“somi-conductor like wood, oto, or a bad conductor like glass, rubber, 
ote, ‘Tho mothod also varies if the substance is supplied in the form 
a solid bar or a tube, or in the form of powder. Conductivitios of 
lio bars can bo compared, as already described, by Ingen Hausz’s 


Searle's Method for a good Conductor.—G. F. O. Soarlo of 
Univorsity, bas devised the following method for a good 
like copper, brass, ote. supplied in the form of a bar or rod. 


A thick bar Æ of the specimen is taken and is woll Inggod with 

‘of wool or falt (Fig. 69). A chosb P for passing stoam is 

around one end of the bar. ces a 
10 cms. apart, are dril 

into the bar at the mid- 

dla and aro filled with 


them may be in good 
thormal contect with the 
section of the bar at Æ 
and H and record their 
temperatures truely, A 
copper tubo O is wound 
round the bar at tho 

Fig. 64—Bearle’s Apparatas. other ond and soldered 
to It, A steady flow of water is paveod through it, wator entering at 
Mand leaving at N, and tho inlet and outlet temperatures of the 
wator aro moasured by moans of thermometers introduced thora, ` 


Swim js turned on into the chest when the four thormomoetors 
show gradus! rise of tomperaturos. After some time tho temperatures 
become stationary when tho steady state (Art, 196) is reached. 
Readings aro to be takon after this stato is reached, 

Suppose the readings of the four thermometers, as shown in tho 
figure, from lelt to right, are @,, Os, Os, Oa. The steady flow of water 
in the tube © is collected in a beaker and suppose m gms. of water 
are collected in ¢ sécs, Tho time is moasured by a stop-watch. 

If Q=quantity of beat flowing through the bar per soc. at the 
steady state. 
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Q= m(0s—64)/t, whore Os nil Og, ns already temperatures 
ED the waise at the cait ad helenae ki 
But Q= K4(%59) , whoro X= thermal eonduotivity of tho bare 


peg he! orean of tip bar, dines betwoon Æ and H, 

where the peratures are Gy reapootively as already stated, 

Honco X can be caloulated from the following : á ] 
» (970, = 

Ka( 159s.) mm(%=%) , ait other quantities in the. equation 
being known. 

Examples, (1) Jf conductivity of sandstone is 00027 C.G.S. units and if 
the underground temperature in a sandstone district increases 1°C, for 27 metres 
descent, calculate the heat lost per hour by a square kilometre of the earth's 
surface in that district, 

Ans. We know that, Q a EA y =9M, f 

Hero, K=0'0097 ; A=1 sy, kilometro =10° sq, metres =10** #9, oma. | 

(@, =.) =1°0. ; d= 27 metros =2700 oms, ; 8000 soes. A 

e Q OOIT 10 KI 9000 9G 10" calories. 


€ 

N.B. The area given in ay, metre must be reduced to sq. cmi, if the valve 

Of thermal cond y it given in COS. units. tine 
cm, t 


side is 120°C, AY the thermal conductivity of iron is O2 and Ue latent heat of 
evaporation of water 336, find the mau of water per hour, 
(Psi, 1930, “41; R. U, O 


Ana, Meto, K-09; 42°56 100x10 a. am | 

0, 190°C, ; A= 100. US The bell poini of water at stmospherie 
prewure ia 100°C.) ; H000) sem. daia om 

1. q= 2At 10" K (190 = 100) M BOOD o pan w 30° catertes, 


The latent beat of evaporation of water la 596 is. 535 calories of beat sre 
required to evaporate 1 gm, of water. Therefore, the number of grams of water 


evaporated by 288% 10° eateries of beat PISA" aav018 gems. 
O) The absolute conductivity of silver is 1'9) 3 dts specife hem 
mo. 


its density dy IOJ. Find (i) the thicknew of diver plate I aq, 
would be raised in temperature through 1°C, by the 
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N.B. Before the steady state is reached in the Ingen Hausz’s 
experiment, heat diffuses through the different rods at different rates 
depending on the diffusivity of the substances and so the time-rate of 
the melting of wax gives the measure of diffusivity along a rod. 


138. Determination of Thermal Conductivity of Solids :— 
The same method is not applicable to all solids for the determination 
of the thermal conductivity. The actual methods are different 
depending on whether the solid is a good conductor like a metal, or a 
semi-conductor like wood, ete., or a bad conductor like glass, rubber, 
etc. The method also varies if the substance is supplied in the form 
of a solid bar or a tube, or in the form of powder. Conductivities of 
metallic bars can be compared, as already described, by Ingen Hausz’s 
method. 


Searle’s Method for a good Conductor.—G. F. C. Searle of 
Gambridge University, has devised the following method for a good 
conductor like copper, brass, etc. supplied in the form of a bar or rod. 


A thick bar R of the specimen is taken and is well lagged with 
layers of wool or felt (Fig. 69). A chest P for passing steam is 
constructed around one end of the bar. Two holes Æ and H, 8 to 
10 cms. apart, are drilled 
into the bar at the mid- 
die and are filled with 
mercury such that ther- 
mometers inserted into 
them may be in good 
thermal contact with the 
section of the bar at Æ 
and H and record their 
temperatures truely. A 
copper tube O is wound 
round the bar at the 

> Fig. 68—Searle’s Apparatus. other end and soldered 
to it. A steady flow of water is passed through it, water entering at 
M and leaving at N, and the inlet and outlet temperatures of the 
water are measured by means of thermometers introduced there. 


team is turned on into the chest when the four thermometers 
show gradual rise of temperatures. After some time the temperatures 
become stationary when the steady state (Art. 136) is reached. 
Readings are to be taken after this state is reached. 


Suppose the readings of the four thermometers, as shown in the 
figure, from left to right, are 01, Oa, Os, 04. The steady flow of water 
in the tube O is collected in a beaker and suppose m gms. of water 
are collected in ¢ secs. The time is measured by a stop-watch. 


If Q=quantity of heat flowing through the bar per sec. at the > 


steady state. 
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Q=m(@3;—6,)/t, where Os and 04, as already stated, are temperatures 
of the water at the outlet and inlet respectively. 


63-9. 
But Q= Ka(25 92) , where K=thermal conductivity of the bar, 


A-=area of cross-section of the bar, d=distance between E and H, 
where the temperatures are O, and Oa respectively as already stated. 
Hence K can be calculated from the following : ! 


0—0. = 
Ka(%5 2) =m( Os : 2) „all other quantities in the equation 


being known. 


Examples. (I) If conductivity of sandstone is 0:0027 C.G.S. units and if 
the underground temperature in a sandstone district increases 1°C. for 27 metres 
descent, calculate the heat lost per hour by a square kilometre of the earth’s 
surface in that district. 


KA(0, —0,)t 
Barr 

Here, K=0'0027 ; A=1 sq. kilometre=10 sq. metres =10*° sq. cms. ; 

(8, -03)=1°C. ; d=27 metres =2700 cms, ; t =3600 secs. 

Wo = 00027 x 1010x 1X 8600 Sna 407 ontori 

Q= 2700 8'6 X 107 calories, 

N.B. The area given in sq. metre must be reduced to sq. cm., if the value 
of thermal conductivity is given in C.G.S. units. t 

(2) An iron boiler 1'25 cms. thick contains water at atmospheric pressure. 
The heated surface is 2'5 sq. metres in area and the temperature of the under- 
side is 120°G. If the thermal conductivity of iron is 0'2 and the latent heat of 
evaporation of water 536, find the mass of water evaporated per hour. 
(Pat. 1930, ’41; R. U. 1946) 


Ans. We know that, Q = 


Ans, Here, K=0'2 ; A=2'5x 100X100 sq. cms. ; 
0,=120°C. ; 6,=100°C. (°° The boiling point of water at atmospheric 
pressure is 100°C.) ; ¢=60 60 secs. ; d=1°25 cms. 
=0'2 X 2'5 X 104 x (120 — 100) x 3600 
1°25 
The latent heat of evaporation of water is 536 i.e. 536 calories of heat arq 
required to evaporate 1 gm. of water. Therefore, the number of grams of water 


288 x 10° 
evaporated by 288 x 106 calories of heat = 536 =537818 gms. 


=288 x10° calories. 


cee 


(3) The absolute conductivity of silver is 153; its specific heat is 0'056, and 
ils density is 10'5. Find (i) the thickness of silver plate I sq. cm. in area that 
would be raised in temperature through 1°C. by the quantity of heat transmitted 
in 1 second through another plate of silver of the same area and I cm. thick with 
a difference of temperature of 1°C. between its opposite faces ; (ii) the rise of 
temperature produced in a plate of silver 1 sq. cm. in area and 1 cm. thick by 
the same quantity ofi heat. ; X 

Ans. (i) Let x cm. be the thickness of the first plate, then its mass=x xX) 
1X105=105x gm. Therefore the quantity of heat required to raise the tem- 
perature of this mass through 1°C.=10'5xx 0056 cal. 


Vol. I—81 
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But the heat which flows through the second plate in 1 second=1'53 cal. 
Hence 10°5x x0'056=1:53. .. x=2;6 cms. 

(ii) Let 60°C. be the rise of temperature pro- 
duced in the plate of silver 1 sq, cm. in area and 
1 cm. thick by 1°53 cal. of heat, then 
1L583—m.s. 0 =10°5 X0°056 x 8. <. O=2°6°C. 


139. Conductivity of Liquids and 
Gases :— 


Expt.—Wrap a copper wire round a 
piece of ica so that it may sink in water. 
Place this in a test tube and pour water in 
the test tube (Fig. 70). Now heat the 
upper part of the water with a flame. It 
will be found that water can be boiled at 
the upper part without melting the ice. 


Liquids are generally bad conductors of 
heat, but mercury is a good conductor of 
heat, and is an exception. 


The conductivity of gases (excepting hydrogen and helium) is 
extremely low and its determination is complicated by tho effects of 
convection and radiation. 


140. Convection :—When liquids and gases are heated, the 
heat is carried from one part to another by the actual movement of 
hot particles. These movements arise from the 
difference in temperature between different parts of 
the same substance. When tho temperature at some 
part of a liquid or gas increases, it causes a reduction 
in density, and the hotter portion being lighter rises, 
its place being taken by the colder and heavier por- 

tion from the sides. Thus, convection currents are 
set up which can easily be visible by heating somo 
“water ina flask in which some colouring matter is 
"kept ab the bottom of the flask (Fig. 71). 

141. Convection Currents in Liquids :— 
Convection currents may also be illustrated by the 
apparatus shown in Fig. 72. 

Expt.—A flask B (Fig. 72) and a reservoir A open 
at the top are connected by two glass tubes AB and 
OD: AB runs from the top of the flask to the top of Fig. 71 
the reservoir! and OD runs from the bottom of the flask to the bottom 
of the reservoir. The whole apparatus is filled with water. Tho 
water heated in Bascends along tho tube AB and the colder water 
in the upper vessel being denser runs down the tube CD to fill the 
place. Thus a circulation is set up and finally all the water reaches , 
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the boiling point. The motion becomes visible on dropping some dye 
into A, when the colour can be seen travelling 
down along the tube CD. 


The above experiment illustrates the principle 
applied in the hot-water heating system for build- 
ings. Inbthis case, a pipe rises from the upper 
part of the boiler toa reservoir at the top of the 
building and the downward pipe passes through a 
number of metal coils placed in various rooms and 
ultimately enters the boiler again. The water, in 
circulating through the pipe, is cooling and the 
heat is given out to the rooms. 

This method of heating illustrates all the 
three processes of transmission of heat, viz. con- 
duction, convection and radiation. It is by 
conduction that heat passes from the furnace to 
the water through the boiler ; it is carried to the 
interior of the pipes by convection, and the whole 
system is a good example of a continuous water 
convection current. Heat is carried to the exterior 
of the pipes by conduction and it escapes into 
each room from the pipes and coils by radiation. 


142. Convection of Gases :—The ascent of smoke up a chimney 
is a familiar example of convection. In the same way conyection 
currents are produced in the chimneys of oil-lamps. Hot air aboye 
the fire rises up the chimney, its place being taken from below by 
cold air drawn from the room. Thus, a fire helps to ventilate a room. 
Winds are caused by convection currents in the atmosphere. 


Warmth of Clothings.—The warmth of clothings depends toa 
large extent upon convection. A loosely woven thick cloth consists 
of wool fibres separated by air spaces, The heat of the body trying 
to escape to the outside must do so either by the zig-zag paths among 
the fibres or it must go through the shorter and more difficult path, 
partly through the non-conducting fibres, and partly across the air 
spaces, by setting up convection currents. Thus a loosely woven 
cloth is really warmer in cold air, which is at rest, than another cloth 
having the same amount of material but closely woven. The air 
should be at rest, otherwise the heat of our bodies will be lost by 
convection. For this reason closely woven cloth is necessary for 
people exposed to strong winds, that is, for aviators and motorists 
who can uso leather cloth. So, our ‘warm’ clothes are not really 
warmer than other objects in the room. 


143. Ventilation :—The ventilation of a room depends on — 
merely establishing convection currents between the outside air and 
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the air in the room. The following experiment 
will illustrate it :— 

Expt.—Place a lighted candle on a saucer 
and pour water around it (Fig. 73). Puta lamp 
chimney over the candle. The flame after a 
while goes out as no fresh air can in from 
below, and through the sides of the chifihey. 


Repeat the experiment and introduce a 
piece of T-shaped metal, or card-board sheet, 
down the chimney. The candle continues to 
burn. This is because the T-piece had divided 
up the chimney into two halves, one for up- 
draught to get rid of hot gases, and the other 
for down-draught to take in fresh air, The 
existence of these two currents can be shown by holding a piece of 
‘smouldering paper near the top of the chimney. 


(a) Conditions necessary for proper ventilation in a room.— 
The things necessary for proper ventilation of a room are—an outlet 
for the warm and impure air near the top of the room, and an inlet 
for the cold pure air near the bottom of the room. 

(b) Chimney.—The draught in a chimney of an ordinary lamp 
or over a furnance is due to convection. The heated air and smoke go 
up the chimney, while fresh cold air enters at the bottom and thus 
_a convection current is set up. Tho draught is due to the difference 
in weight between the cold air outside and the hot air inside the 

chimney. The taller the chimney, the greater will be this difference 
in weight and so the greater will be the draught. So the factory 
chimneys are tall. But tall chimneys will be of no advantage unless 
_ there is enough fire at the bottom to keep the gas hot all the way up. 
“In order that the descending currents may be prevented, narrow 
chimneys are better than wide ones. 


(e) Gas-filled Electric Lamps.—The heat of the filaments of 
a gas-filled electric lamp, which contains a small quantity of some 
jnert gas, such as argon of nitrogen, is carried away to the upper 
part of the bulb by means of convection current set up by the heated 
filament. As the heat from the filament is carried away, the filament 
ean be raised to a higher temperaturo without any risk of melting 
than if surrounded by a vacuum. Besides this, the convection 
currents haye another advantage; they carry to the top of the bulb 
the tiny metal particles of the gradually disintegrating filament which 
cause the blackening of the lamp. Thus as the blackening, which 
would otherwise take place over the entire inside surface, is prevented, 
these lamps last longer than the vacuum type does (vide Ch. VIII, 
Part VIIE). 

144, Natural Phenomena :— 


Winds.—Winds are due to convection currents set up in the 
atmosphere arising ftom unequal heating due to local reasons. 
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Land and Sea Breezes.— Convection currents account for land 
and sea breezes. 


Sea Breeze.—During the 
day time land becomes 
more heated than the sea, | | 
firstly because of its greater 
absorbing power and second- 
ly due to its lower sp. heat. 
In the evening, therefore, 
air above the land being 
more heated rises up and 
colder air from over the sex 
blows towards the land by convection, causing sea breeze (Fig. 74(a)]. 


SEA 
Fig. 74(a)—Sea Breeze. 


Land Breeze.—Since good absorbers are good radiators (Art, 151) 
during the night the land 
loses more heat than the 
sea. Sp. heat of land being 
lower, the temperature of 
the landin the early hours 
of the morning will be lower 
than that of the sea. So 
convection currents of air 
Fig 74(b)—Land Breeze. will flow from the land 
towards the sea (Fig. 74(4)], causing what is called the land breeze. 


Trade Winds.—Heated air over the tropics rise up and cold air 
from the north and south moves towards the equator, but owing 
to the rotation of the earth from west to east, the wind gets a resuly At 
velocity in the north-eastern direction in the northern hemisfere 
and south.eastern direction in the southern hemisphere. The 
first is known as north-east trade wind and the other as south-east 
trade wind. 


145. Distinction between Conduction, Convection and Radia- 
tion :—(1) In conduction and conyection heat is propagated in a 
material medium; while in radiation no assistance of material 
medium, either solid, liquid, or gas, is essential and heat energy 
passes through a vacuum, without affecting the temperature of the 
intervening medium; but conduction and convection raise the tem- 
perature of the medium. In conduction there is no transference of 
material particles, while in convection the heated particles bodily 


move. 


Heat energy is transferred to us from the sun through thousands 
of miles of so-called vacuous space where there is no material 
medium. So heat is received by radiation from the sun. We also 
receive heat by radiation from a fire or any other hot body. If you hold 
vour hand below an electric lamp, your hand will get warmer. This — 
is not due to conduction, for air is a bad condutor of heat, and it is 
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also not due to convection, for a convection current always has the 
tendency to move upwards. So it is due to radiation. 


(2) A body emits radiation in all directions and in straight lines 
while in other processes it is not so, For this reason, a screen, placed 
between the source of heat and any body, cuts off the radiation. 


(3) Transference of heat by radiation takes place almost 
instantaneously, while the other processes are comparatively much 
slower. 


Radiant heat travels with the velocity of light, i.e. 1,86,000 miles 
per second. 


146. Nature of Radiation (Ether waves):—When we stand 
before a fire, we feel hot. It is obvious that we do not get heat from 
the fire by conduction because the air medium is a bad conductor ; 
also the convection currents carry heat upwards and bring cool air 
from around to the fire. So the heat we feel is not due to convection. 
Again we know that we get something from the sun and fire that can 
give rise to sensation of heat and sometimes of light. This some- 
thing is called radiation. Radiant energy reaches us from the sun, 

a distance of about 92,000,000 miles, in about 84 minutes only. The 
atmosphere, which surrounds the earth, does not extend upwards 
indefinitely. How then, the radiant energy is communicated to us 
from the sun? To explain this, scientists have assumed the existence 
of a medium, called the ether, which is a very delicate medium and 
which is present everywhere, even in the interstices of the molecules 
of even the hardest solids, just as air is present everywhere between 
‘tho leaves and branches of a tree. 


rie Just as by disturbing the surface of water in a pond waves can 
be created, which spread outwards from the point of disturbance, 
“so transverse waves are created in the ether by the rapid vibration of 
‘the molecules of a hot body, and these waves pass outwards in all 
directions with the velocity of light (186,000 miles per sec). When 
these waves are stopped by a body, the molecules of the body are 
made to vibrate, producing heat in ite body. There are some 
substances which allow these waves to be transmitted throngh them. 
These aro called dia-thermanous substances; while the other 
substances which do not allow the waves to pass through them, are 
known as adia-thermanous or a-thermanous substances. A vacuum 
is perfectly dia-thermanous. Dry air, rock salt, carbon bisulphide are 
also good dia-thermanous substances. Wood, slate, metals, etc are 
adia-thermanous. The latter class gets heated by absorbing radiant 
energy. It is to be noted that radiant heat or radiation, strictly speak- 
ing, is not heat in the sense we understand it, but is energy which being 
absorbed by certain bodies manifests itself as heat; and during transit 
it cad only the energy of the wave which passes through the intervening 
ether. 


147. Radiant Energy :—Any form of energy transmitted by 
means of ether waves is called radiant energy. These ether waves 
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differ amongst themselves in frequency (i.e. in the number of vibra- 
tion per second) and consequently in the wavelength, just as there 
are small ripples and big waves on the surface of the sea. 


Waves of different lengths produce different effects. Very long 
ether waves carry electro-magnetic waves energy, and they are used for 
the transmission of wireless messages. Waves shorter than these 
give us radiant heat and still shorter waves affect our eyes, which we 
call light. The waves, which are still shorter, or rather too short to 
affect the eyes, can produce chemical action on photographic plates, 
These are called Ultra-violet rays. Still shorter waves are known as 
X-rays, and waves still shorter than the X-rays are Gamma rays 
which are given out by radio-active substances. 


A hot body ata low temperature is not visible ina dark room, as 
it emits only heat radiation. But ata sufficiently high temperature 
it becomes visible, when it emits also comparatively smaller waves, 
which can excite in our eyes the sensation of light in addition to that 
of heat; so, at a high temperature, it emits both kinds of radiation 
(heat and light). As water waves are produced by the vibration of 
water particles, so the ether waves are produced by the vibration of 
ether particles. Vibration of ether particles of certain degrees of 
rapidity produce mainly heating effects on bodies on which they fall ; 
while certain others of higher degrees of rapidity can produce in our 
eyes the sensation of light. Longer waves are produced by slow 
vibration and shorter waves by rapid vibrations of ether particles. 
For example, vibrations between 3°75 10** (red) and 75x 10** 
(violet) times per second producing ether waves of approximate lengths 
between 80 x 107° em. (red) to 40% 10-* cm. (violet) can produce the 
sensation of vision. This is the range of luminous radiations $ 
while the frequencies of actinic radiations, which can produce 
chemical changes are higher than 75% 10** times per second, ie. 
beyond the violet end of the visible light. So heat and light are both 
forms of radiant energy, and the difference between them is a difference 
in degree rather than in kind. The waves producing thermal effect, and 
which do not affect our sense of vision, vary in lengths between 
80x 107% cm. to about 0°03 cm. These are called Infra-red waves. 
The waves which are smaller than 40 x 107° and produce actinic effects, 
i.e. produce chemical changes on plants and certain salts of silver due to 
which photography becomes possible, are called Ultra-violet waves. 
These vary in lengths between 40x107° to 1x10°° om. Waves 
smaller than these are popularly known as X-rays, the wavelengths 
of which vary between the limits 1x107" to6*10°*° om. There 
are also waves shorter than the X-rays which are known as Gamma 


TAYS, 
On the other siđe beyond the Infra-red region there are very big 


radiant waves which do not affect any of our bodily senses. Very 
long ether waves whose lengths may range up to several miles as. 


$ 
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known as ‘wireless? waves.. The wireless waves can, however, also 
be small ; eyen waves of length 3 cms. have been used in wireless. 


148. Instruments for Detecting and Measuring Thermal 
Radiation :— 


(1) Ether Thermoscope.—The ether thermoscope (Fig. 75) 
contains some quantity of coloured ether and ether vapour, 
a chemical substance, the whole of the air from within 
‘having been expelled before sealing the instrument. One 
of the bulbs is coated with lamp-black which is a perfect 
absorber of thermal radiation. When thermal radiation 
falls on the black bulb, its temperature, and consequently 
that of the contained vapour, rises. This increases the pres- 
sure of the vapour on the ether inside the bulb. Hence the 
level of the ether in the black bulb is pushed down and 
that in the other bulb rises. 
Fig. 75.— 
Ether Ther- (2) Differential Air Thermoscope.— This was first 
moseope. used by Leslie. It consists of a glass tube bent twice at 
right angles, terminating in two equal bulbs containing air. The 
tube contains coloured sulphuric acid up to a certain height and the 
quantity of air in the bulbs is so adjusted that the liquid stands at the 
same level in the two tubes when both the bulbs are at the same 
temperature. For a slight difference of temperature of the air in the 
bulbs, there is a small difference in level of the liquid due to the 
- expansion of air in the warmer bulb, which depresses the liquid 
column nearest to it and raises that in the other. 


; (3) Thermopile.—This is a very sensitive electrical instrument 
(vide Volume II) which is used by all modern experimenters (Fig. 76). 


149. Radiant Heat and Light compared : 
(A) Similarity.— 


(1) Radiant heat and light travel in vacuum as well as in air in 
all directions with the same velocity. 


At the time of an eclipse of the sun when the moon comes directly 
between the sun and the earth, it is seen that heat and light from the 
Sunare cut off at the same instant, showing that heat and light 
energy travel everywhere in all directions and with the same vəlocity 
(186,000 miles per second). 


(2) Radiant heat and light travel in straight lines. 


Two wooden screens are taken having a small hole on the middle 
of each. They are arranged parallel to each other, and a red-hot 
(‘red-hot’ at about 525°C.) metal ball is Placed opposite to the hole 
of one of the screens. If now the lamp-black-coated bulb of an ether 
thermoscope (Fig. 75), ora thermopile (Fig. 76), be placed far away 
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from the other screen and opposite to the hole in it, it will be observed 
that, when the two holes are in the same straight line with the ball, 
the thermoscope, or the thermopile, is greatly affected, while the 
effect is very little when the two holes are 
not in the same straight line. This proves 
that radiant energy trayels in straight lines. 


(8) Heat rays can be reflected in the 
same way as light obeying the same laws 
as in the case of light. 


(a) Reflection at a Plane Surface— 
Two tin-plate tubes are supported 
horizontally in front of a vertical polished 
tin-plate soas to be equally inclined to the 
plate. Now placinga hot metal ball near 
the end of one tube anda thermopile, or 
the black bulb of an ether thermoscope, 
near the end of the other, the instrument 
is affected. The effect on the instrument 
will be much less when the tubes are placed 
unequally inclined to the plate. It will be 
found that the effect is a maximum when | Fig. 76—The Thermopile 
the tubes make equal angles on the opposite sides of the normal to 
the reflecting plate (vide Chapter IV, Part III). 


(b) Reflection at a Concave Spherical Surface.—It two large 
concave metallic reflectors (vide Chapter IV, Part III) are placed co- 
axially facing exch other at a little distance apart, then the blackened 
bulb of the thermoscope placed at the focus of one of them will be 
seen to be greatly affected by a red-hot ball placed at the focus of the 
other reflector. The difference in effect may be noticed by displacing 
the reflector a little towards the thermoscope. 


(4) Heat rays can be refracted in the same way as light, and they 
obey laws of refraction of light. 


The rays from the sun, i.e. both the heat and light rays can be 
concentrated at a point by means ofa convex lens, anda piece of 
paper placed at the point may be easily ignited by the heat rays. 


A better effect will be obtained by using a convex lens made of 
rock-salt, instead of glass, as rock-salt, being dia-thermanous to heat 
rays, absorbs only a small percentage (about 7 per cent) of them, while 
glass absorbs a considerable amount of heat rays. 


(5) The amount of heat received per second per unit area of a 
given surface, i.e. the intensity of radiation, by absorption of thermal 
radiation emitted by a source of heat at a constant temperature, is 
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inversely proportional to the square of the distance between the source 


and the absorbing surface. 


This is known as the Inverse Square Law. 


[The Inverse Square Law holds for heat radiation in the same 


way as it does for light radiation.] 


Proof.—A rectangular tin-plate box SS: (Fig. 77), one face S of 
which is coated with lamp-black, is filled with hot water and kept 


Fig. 77. 


at a constant temperature. A 
thermopile is taken, one face of 
which is covered by a brass cap 
and the other face, meant for 
absorbing thermal radiations, is 
provided with a conical reflector 
in order to shield it from air 
currents. The thermopile is con- 
nected with a galvanometer (i.e 
an instrument to detect the 
presence of an electric current), 


and placed ata certain distance from the lamp-black-coated surface. 
The galvanometer deflection is noted. Let the circle abbe the base 
onthe tin-plate box, of the imaginary cone having its apex C on the 
thermopile. Radiation from points outside the circle ab (on the box) 
_ isnot absorbed by the blackened inside surface of the conical reflector 
and so cannot reach the actual thermopile. The thermopile is now 


. moved to another distance at Cı, which is twice the former distance 
and so the base of the cone is enlarged to AB. It is observed that there 
is no change in the deflection of the galvanometer as long as the whole 


of the circle AB lies on the blackened surface, showing that the quan- 
tity of heat received per unit area of the thermopile in each case is the 
same. As the thermopile is moved away, the intensity of radiation, 
that is, the amount of heat energy received per unit area of the surface 
of the thermopile, decreases, but the area of the soure of radiation: 
increases (from the area of ab to that of AB). The total amount of 
heat energy received depends on the combined offect of these two 


factors, which remains constant. 


Since the temperature of the box is kept constant throughout the 
experiment, the amount of heat emitted will be proportional to the 
areas of the circles ab and AB, that is, 717: 77%; 0r737: 72"; 0r1*: 
2° or as 1 : 4, where r, is the radius of aband ra that of AB. Hence 
we might expect the ga!vanometer defection at Cı to be 4 times that 
at C. But by experimen; we find that defection is the same, There- 
fore it follows that the intensity of hert radiation at C,, which is at 
twice the distance, must be 4 of that at C. This verifies the law of 


inverse squares, 


(B) Difference between Radiant Heat and Light.—Both heat 
and light waves are electro-magnetic in origin. They differ only in 
the frequency of vibration, i.e. in their wavelength. 


£ 
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Black Body.— An ideal black body is one which absorbs completely 
all the radiations which fall on it. That is, it neither reflects nor trans- 
mits any part of the incident radiation. Being an ideal absorber, it 
must be also an ideal radiator. That is, when heated it emits radia- 
tions of all wavelengths. In scientific terminology, therefore, the 
radiation from a black body is called “full radiation” or “complete 
radiation”. No actual black surface fulfils the above conditions com- 
pletely. Some may approximate to these conditions only better than 
others. Lamp black absorbs about 95% of incident radiations while: 
platinum black absorbs about 98%. So an ideal black body requires to 
be produced artificially. Afew good designs of an ideal black bedy 
have been already available to us. 


150. Emissive or Radiating Power: Emissive or Radiating 
Powers of Different Bodies :—It has been experimentally found that 
the energy radiated from a body, or, in other words, the loss of heat 
of a body by radiation depends on (7) its own temperature, say 91 ; (ii) 
the temperature of its surroundings, say 


Qo, (iii) the nature and area A of the m 
radiating surface ; and (iy) the time ¢ for i 
which radiation takes place. r 


The emissive property of different 
substances is compared by whatis called 
the emissive power. The emissive (or 
radiating) power of a surface is defined as Fig. 78 
the heat radiation emitted in a given time 
to the amount emitted in the same time by an equal area of a per- 
fectly black surface (a black body) at the same temperature. 


So if R be the total radiation emitted by a surface of area Æ, 
wo haye R= A(O, - Oe)t. 
or, R= H.A.(0,- 0a)t, where Æ is the emissivity of the surface. 


Expt.—The same body, at the same temperature, will radiate 
different quantities of heat depending on the nature of its surface. 
To show this, take, as a source of radiant heat, a cubical tin L con- 
taining boiling water (Fig. 78). One face of the cube is coated with 
lamp-black, another with black enamel, a third with white paper, and 
the fourth with polished tin. Such cube is usually termed a Leslie's 
cube. Take a thermopile 7' connected with a galyanometer and keep: 
the face of the thermopile equidistant from each face of the cube in 
turn and for the same time. The deflection of the galvanometer will 
be proportional to the emissive or radiating power of each surface, the: 
faces being supposed to be at the same temperature. Tt will be noticed 
that the deflection of the galvanometer is greatest for the lamp-black 
surface, the black enamel surface comes next in order then comes — 


* the white paper and it is least with the polished tin surface. This: 
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anaes that lamp-black is the best radiator, and a polished metallic 
surface is the worst radiator. 


At 100°C. white lead is as good a radiator as lamp-black, but above 
this temperature lamp-black is by far the best radiator. It should 
be noted that radiating powers of different materials, even when 
coated with the same substance, are different. 


Emissivity or the co-efficient of emission of a surface should 
be distinguished from the emissiye power and the former is defined as 
the heat radiated per second per unit area of the surface per unit 
degree excess temperature. 


151. Absorption of Radiation :—Different surfaces at the same 
temperature emit different amounts of radiation, but when thermal 
radiation is incident on the surface of a body, the temperature rises 
according to the proportion absorbed by it. The proportion absorbed 
varies with the nature of the surface. 


The absorptive power or absorptivity (or the coeficient of absorption) 
of a surface is the ratio of the amount of radiation absorbed by the 
surface in a given time to the total amount of radiation incident upon 
it in the same time. 


(a) Emissive and Absorptive Power of a Surface.— 


Ritchie’s Expt.—The apparatus consists of two cylindrical metal 
vessels C and D filled with air and connected by a glass tube bent 
twice at right angles in which some coloured liquid has been placed 

: (Big. 79). A large cylindrical vessel 4B is sup- 
ported between O and D. Tho surfaces A and 
C are coated with lamp-black while the other 
surfaces D and B are polished. When AB is 
filled up with boiling water, the Jeyel of the 
coloured liquid is found to remain the same, 
which shows that C and D are at the samo 
temperature. The face A emits more than the 
face B, but the black face O absorbs more than 
the polished face D. As the level of the liquid 
remains the same, it shows that one vessel gain 
as much heat energy as the other, i.e. the 
emissive power is equal to the absorptive power. 

As lamp-black is the best absorber, and 
the polished metallic surfaco the worst absorber, we conclude that 
good absorbers are good radiators. 


Fig. 79 


(b) Radiometer.—This sensitive instrument was designed by 
Sir William Crookes for the detection of heat radiation. It consists 
of a glass bulb B almost completely evacuated [Fig. 79(a)). It has > 
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four of thin aluminium vanes V fastened toa vertical 
axis about which they can rotate freely. One surface 
of each vane is coated with soot while the other is 
polished. 


The pressure of air inside the bulb being low, the 
molecules of air have better freedom of motion. When 
heat radiations fall on the vanes, the black surfaces 
absorb and radiate more heat than the bright surfaces 
and so air molecules colliding with black surfaces 
acquire higher kinetic energy and rebound with greater 
velocity than those from the bright surfaces. Thus 
every push received bya black surface from the air 
molecules is more vigorous and so it recedes, asa 
result of which their vanes rotate in a direction 
opposite to the direction of heat radiation. 


The instrument is so sensitive that even a burning Fig. 79(a)— 
mateh stick held within a few inches from it will be Crooke's 
Radiometer 


suficient to rotate the vanes. 


152. Selective Absorption of Heat Radiation :—Different 
bodies, even when at the same temperature, will radiate, as also absorb, 
heat differently, and generally, bodies which can reflect heat 
radiation very well, ate bad absorbers of heat. For example, bad 
reflectors like lamp-black, ashes, etc. are good absorbers of heat. Tt 
takes loss time to boil water in an old kettle covered with soot than in a 
new one which is polished.. The soot absorbs heat better than the 
polished metal and so water boils quickly in an old kettle. In winter, 
ico and snow kept beneath the ashes melt sooner than the ice and 
snow which are uncovered, because ashes are good absorbers of heat. 
Good reflectors such as polished metals are bad absorbers and also bad 


radiators of heat. 


153. Some Practical Applications of Absorption and Emis- 
sion :—In our everyday life we require for some purposes good reflectors 
of thermal radiation, while for other purposes good absorbers are neces- 
sary. A few examples are given below. Vessels such as tea-pots, 
calorimeters, otc. which are meant for retaining their heat are made 
with polished exteriors because polished bodies radiato less heat. For 
cooking purposes vessels should preferably be black with rough exterior. 
Black clothing is preferred in winter as it absorbs almost the whole 
of the heat rays falling omit and thus becomes warm, while white 

_ clothing is more suitable in summer as it absorbs very little of the 
sun’s heat rays. The advantage of the white painted walls and roofs 
of a building is that they keep the building warmer ‘in winter and 
cooler in summor than if they were painted witha dark colour. In 
order to cool down hot liquids quickly it is better to use a black stone 
vessel and nota metal cup with polished surface. Dry air absorbs 
very little heat radiation, It transmits nearly the whole amount of 

* heat radiation falling on it, ze. it is a dia-thermanous substance, while 
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moist air absorbs hoat radiation to a great oxtent. Thus, tho mointare 
of theair holps nsin two ways; it prevents tho earth from bocoming 
too much heated daring tho day time by absorbing sun's rays and 
also from becoming too much cooled at night by absorbing the radir- 
tion escaping from the heated surface of the earth. We know that 
clear night is colder than a cloudy night as clouds are practically 
opaque to the long heat rays radiated from the surface of the earth. 

Water transmits only 10 por cent of the incidont hoat radiation 
Aodalum transmita low, But when alum is mixed up with water, 
the tranamitting power of the lattor is increased. 

Gasos aro bad radistors of heat; so fire-bricks, which are good 
midiators, aro used in the construction of furnaces in which the hot 
pamor aro. made to play on the fire-bricks, which are heated by contact 
“and then radiata the heat freely. 


(a) Green-House.—It is an example of soloctive absorption of 

J eit hy ‘gloss. Tho amount of heat transmitted through a substanco 
 Bopenda upon the temperature of the source of heat; for oxample 
transmits about 50 per cont, of host when the heat rays como 

& source which isata high tompemture, ag, the sun, or a hot 
fire, Gims is adia-thermanows to heat mys:whon the source is bolow 
100°C. This ia why host accumulates in a greon-houso, the glass 


thea. The rays heat tho objects, ie. the planta and ground insido, 
but when the holies inside, which aro ovidently at a temperture 


A glass fire sereen is also an oxamplo of the above principle, 
Th will absorb most of thermal radiations falling on it, while only 
along with the luminous portion. Ono, 
I soa the fire while much of tho host is out off. Ordinary 
plas not only alnorbs tha long infra-red waras but also the abort 
“wlira-viole: waver, It tranvmits only the visible light waves, A 
mposi! kind of glass has, however, boon mado which can transmit 


. 


those aro used for cumora lonsos for long distance 


So 
Quarts glam and Vita glam transmit ultra-violet portion of tho 
Midiation and they ara often used for window-panos in hospitals, 


(b) Temperature of the Moon's Surface.—Like plasa, 
@ithermasous to radiations froma hot source, but pe axle 
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154. Radiation Pyrometry :—It bas boon stated in Arb. 15 that 
high tomporatures oan be measured by a syste of measurement 
aa radiation pyrometry. By this system very high temperatures 
liko the aun or other hoavonly bodies at grosè distances or of 
cos, can bo measured from the radiation emitted by thom. 


155. Dewar's-Flask (Thermos-Flask or Vacuum Flask) :— 

fn flank in which loss or gain of best through conduction, convection 

radiation bas been reduced toa minimum, It i» used for keoping 
hot liquid hot and a cold liquid cold for n good length of time. 


Tt consista of a double-walled glase flask 3, Be (Fig. 80) placed on 
“pring S within a metal or wooden owing O, its mouth being closed 
by n cork stopper A. The spasao betwoen tho flask and the outer 
ceasing O is proforbly packed with a nonconducting material D like 
folt. The space betwoen the two walls of the A 
flask is oxhwusted of sir by pumping out tho alr 

through the nozzle at the bottom which fs floally 

soiled off. The outer surface of tho Inner wall 

and the inner surfaca of the outer one are sil- 

yorod. This vacuum belt around the liquid fn 

the thhek prevents any low or gain of hoat through 

conduction and convection, while radiation is - 
Teduced to a minimum due to the ellvering of j 
the surfaces, The nonconducting poking of 


Whrough the walls, Condaction, convection and | 
‘Pallation, the three posible molos of exchange 
of heat belng guanted, the liquid remains almost 
ina state of thermal frolation and ft thas main a 
tains ite own tompersture for a pretty long time. 


nO 
‘+ Piask. 
156. Laws of Heat Loss by Radiation t— The rte at which a 
losas heat by mdistion depend on} (i) the temperature of the boly, 


Hi) the tornporature of the narra medium, and (ji) the nature 
and extent of the exposed surfaco. 


A} Newton's Law of Cooling.—7h« law stole: that the rate of 
heat from a body is proportional to the mean difference of temper. 
: interes Between the body and its surroundings. 


Eaa es of Novion's 3 Law of Cooling.—Takn some hot water 

the temperature of the water at an interval 
pe prema minuto sa sees aoe 9 minutos carefally stirring the 
water all the time, Now, note the fall of tampersture for a email 
interval of thee, my, 2 minutes and also the mman differance of 
j ned the sir of the room doring the 
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moist air absorbs heat radiation to a great extent. Thus, the moisture 
of the air helps usin two ways; it prevents the earth from becoming 
too much heated during the day time by absorbing sun’s rays and 
also from becoming too much cooled at night by absorbing the radia- 
tion escaping from the heated surface of the earth. We know that 
clear night is colder than a cloudy night as clouds are practically 
opaque to the long heat rays radiated from the surface of the earth. 


Water transmits only 10 per cent of the incident heat radiation 
and alum transmits less. But when alum is mixed up with water, 
tho transmitting power of the latter is increased. 


Gases are bad radiators of heat;so fire-bricks, which are good 
radiators, are used in the construction of furnaces in which the hot 
gases are made to play on the fire-bricks, which are heated by contact 
and then radiate the heat freely. 


(a) Green-House.—It is an example of selective absorption of 
heat by glass. The amount of heat transmitted through a substance 
depends upon the temperature of the source of heat; for example 
glass transmits about 50 per cent. of heat when the heat rays come 
from a source which is ata high temperature, e.g. the sun, or a hot 
fire. Glass is adia-thermanous to heat rays'when the source is below 
100°C. This is why heat accumulates in a green-house, the glass 
windows of which allow rays of heat from the sun to pass through 
them. The rays heat the objects, ie. the plants and ground inside, 
but when the hodies inside, which are evidently at a temperature 
below 100°C., radiate their heat, the glass windows do not allow it to 
_ pass out. Glass thus serves as a trap to the sun-beams. 


A glass fire sereen is also an example of the above principle. 
If will absorb most of thermal radiations falling on it, while only 
asmall part is transmitted along with the luminous portion. One, 
therefore, will see the fire while much of the heat is cut off. Ordinary 
glass not only absorbs the long infra-red waves but also the short 
ultra-violet waves. It transmits only the visible light waves. A 
special kind of glass has, however, been made which can transmit 
infra-red radiation. So these are used for camera lenses for long distance 
photography. 

Quartz glass and Vita glass transmit ultra-violet portion of the 
radiation and they are often used for window-panes in hospitals, 


(b) Temperature of the Moon’s Surface.—Like glass, water is 
dia-thermanons to radiations froma hob source, but adia-thermanous 
to those from cold bodies, This fact has been applied to measure the 
temperature of the surface of the moon. It is known that the moon 
reflects the sun’s radiations and also emits its own. These two differ- 
ent types of radiations have been separated by passing the radiations 
through water, when the sun’s radiation will be transmitted, while 
those from the moon will be absorbed, by calculating the amount of 
which the temperature of the moon’s surface can be determined. 


> 


ear 
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154. Radiation Pyrometry :—It has been stated in Art. 15 that 


_ vory high temperatures can be measured by a system of measurement 


known as radiation pyrometry. By this system very high temperatures 
of bodies like the sun or other heavenly bodies at great distances or of 


furnaces, can be measured from the radiation emitted by them. 


155. Dewar’s-Flask (Thermos-Flask or Vacuum Flask) :— 
Tt is a flask in which loss or gain of heat through conduction, convection 
and radiation has been reduced toa minimum. It is used for keeping 
a hot liquid hot and a cold liquid cold for a good length of time. 


Tt consists of a double-walled glass flask ByBa (Fig. 80) placed on 
spring S within a metal or wooden casing O, its mouth being closed 
by a cork stopper A. The space between the flask and the outer 
casing C is preferably packed with a non-conducting material D like 
felt. The space between the two walls of the 5 
flask is exhausted of air by pumping out the air 
through the nozzle at the bottom which is finally 
sorlod off. The outer surface of the inner wall 
and the inner surface of the outer one are sil- 
vered. This vacuum belt around the liquid in 
the flask prevents any loss or gain of heat through 
conduction and convection, while radiation is 
reduced to a minimum due to the silvering of 
tho surfaces. The non-conducting packing of 
felt reduces any sharing of heat by conduction 
through the walls. Conduction, convection and 
radiation, the three possible modes of exchange 
of heat being guarded, the liquid remains almost 
ina state of thermal isolation and it thus main- 


tains its own temperature for a pretty long time. Fig, 80— 
Dowar's Flask. 


156. Laws of Heat Loss by Radiation :— The rate at which a 
body loses heat by radiation depend on : (i) the temperature of the body, 
(ii) the temperature of the surrounding medium, and (iii) the nature 
and extent of the exposed surface. 


(a) Newton’s Law of Cooling.— The law states that the rate of 
loss of heat from a body is proportional to the mean difference of temper- 
ature between the body and its surroundings. 


Verification of Newton's Law of Cooling.—Take some hot water 
in a calorimeter and note the temperature of the water at an interval 
of one minute for a period of about 20 minutes carefully stirring the 
water all the time, Now, note the fall of temperature for a small 
interval of time, say, 2 minutes and also the mean difference of 
temperature between the water and the air of the room during the 
samo two minutes interval. Calculate the ratio of the fall of tempera: 
ture during this interval to the mean difference of temperature, and 
repeat the process taking the fall of temperature at various stages 


; 
Be, 


i 
A 
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all over the period of 20 minutes. It will be found that these ratios 
are practically equal. 


As the mass and specific heat of the liquid are constant, this 
experiment shows that the rate of cooling of the water is proportional 
to the mean difference in temperature between the water and its 
surroundings. This will be true for any other liquids, and this fact 
was first expressed by the Newton’s law of cooling. 


Again, taking two or three calorimeters and recording the time 
and temperature as before, it will be seen that the amount of heat lost 
per second depends also on the extent and the nature of the radiating 
surfaces. The rate of cooling does not, however, at all depend on the 
nature of the liquid. 


Discussion of Newton’s Law of Cooling.— The above law applies 
when a body cools in air due to loss of heat by radiation and conyoc- 
tion only. Moreover, as Newton expressly stated, the body must be 
“not in still air, but in a uniform current of air.” That is, the law 
applies to cases of loss of heat under radiation and forced convection 
and does not apply to natural convection as in still air, Tho law is 
true even for large differences of temperature provided that thore is 
a uniform current of air in which the body is placed, as in forced 
convection. In natural convection of air, the rate of loss of heat by a 
body, it may be noted, is proportional to the Sth power of the 
temperature difference. 


| In the laboratory generally we apply Newton's law of cooling to 
the case of a calorimeter placed in still air. Tho justification, if any, 
is that the error in doingso is quite small, if the temperature 
difference is small. 


(b) The Stefan-Boltzmann Law or the Fourth Power Law.— 
The law states that the total heat energy radiated by a body is propor- 
tional to the fourth power of its absolute temperature. Tho law was 
experimentally discovered by Stefan and subsequently theoretically dedu- 
ced by Boltzmann. So it generally goes by the name, ‘Stefan-Boliz- 
mann law’. Mathematically if a black body of surface area A sq. ft. is at 
absolute temperature 71°F., and if Æ is its emissive power, then the 
quantity of heat (Q) radiated per hour to its surroundings (supposed a 
black body) at absolute temperature T'a°F., is given by, 

Q=173X107*°RA(T,4— T*), 

(c) Lambert’s Cosine Law.— Tho energy radiated in any direction 
at an angle with a surface is equal to the energy radiated in a direction 
normal to the surface multiplied by the Cosine of the angle between 
the direction of radiation and the normal to the surface, 


156(a), Prevost’s Theory of Exchanges :—A hot body gives 
out hot radiation and a cold body cold radiations—These were the ideas 
until 1792. When a man stands before a block of ice, he feels cold. 
This occurs, the people in old days thought, as though cold were 


ti. 


t 
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radiated from the ice. The true explanation came in 1792 when 
Prevost of Geneva propounded his Theory of Exchanges. According to 
this theory, which is also the modern conception, a body whether hot 
or cold, gives out only one form of radiations, namely heat radiation 
and these are radiated at all times provided the temperature of the 
body is above the absolute zero, irrespective of the presence of other 
bodies ; moreover, the higher the temperature, the greater is tho 
amount of radiations. i 


Let us apply this theory to an enclosure in which, suppose, two 
bodies at different temperatures are placed. Each will radiate out 
heat according to its own temperature independent of the other and 
again will receive heat being placed in the field of radiation of the 
second. The one initially hotter of the two gives out more heat than 
it receives while the colder gives out less heat than it receives. Asa 
result of exchange of heat, the hotter falls in temperature and the 
colder gains in temperature until a common temperature is attained 
by both. We then say that an equilibrium has reached. Even when 
the temperature is equalised, the exchange does not stop, each 
receives as much heat from the other as it itself gives out. The 
equilibrium is a dynamic one. The theory applies to any number of 
bodies at different temperatures at a time. 


In the case of the man and the ice-block, as a result of the differen- . 
tial effect of exchange of heat between them, the man on the whole 
loses more heat while he stands before the ice-block than formerly, 
which makes him feel cold, while the ice-block gains heat and gradually 
melts down. 


157. Air-conditioning :—It is the art of securing and maintain- 
ing the conditions of human comfort in an air enclosure. The exact 
conditions which produce a comfortable and healthful atmosphere 
differ from pecple to people and season to season. The findings of the 
American Society of Heating and Ventilating Engineers (ASHVB) have 
led to the following recommendations for America— 


(i) Percentage Relative Humidity of enclosure—80 to 70 ; 
(ii) Effective Temperature— 

(a) between 63° and 71°F. in winter į 

(b) between 66° and 75°F. in summer ; 


(iii) Ventilation Requirements.—The air must be kept fresh and 
free from all odours, notably tobacco, food and body odours. Tts. 
carbon dioxide content must be also low. Odour and gas should be 
controlled by diluting them to a harmless concentration by intreduc- 
ing sufficient fresh air; 30 cu. ft. (10 eu. ft. outdoor fresh air plus 
90 cu. ft. of room air) per person air movement in the room at a 
velocity of 15 to 50 ft. per minute js necessary. The corresponding 
data for India are yet to be collected. Engineers use regional data 
of their o wn in the different parts of the country. 


Vol. 1—82 
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It will be noted from the above that the essential factors which 
have to be controlled, besides any impurity liable to be present in the 
air, are the relative humidity, temperature and ventilation. So, to 
secure the above ends in India, a scientific Summer Air-conditioning 
Unit must arrange for cooling of the air, dehumidifying (for in 
summer humidity is high), cleaning of the air and adequate ventila- 
tion, while a Winter Air-conditioning Unit must arrange for heating, 
humidifying (for in winter humidity is small), air-cleaning and ade- 
quate ventilation. 


Summer Air-conditioning.—The cooling coil of a refrigerator is 
put at some chosen spot of the enclosure. By means of a suction 
pump fresh air is drawn through a filter (for removal of. particles 
of dust, smoke, etc. which are carriers of harmful bacteria) from one 
end of the coils to the other end, thus producing the desired circula- 
‘tion of a current of cooled air. If the moisture content of the room 
exceeds the comfort limit, it is precipitated on the coils and is drained 
out. This is de-humidification. The speed of the suction pump and 
rate of cooling of the refrigerator coil are adjusted by automatic 
methods. The load on the plant depends on the season and the 
amount of heat leaking through the roof and walls. For, air-condi- 
tioning, therefore, a room carefully designed with suitable materials 
costs less. 


Winter Air-conditioning.—A heating coil (an electric heater or a 
steam-piping) is installed at a suitable place. By means of a suction 
pump fresh air passed through a filter is drawn over the heater 
surface. Humidification is accompained by trickling water on to the 
surface of the heater or by passing the steam pipes through a pan 
Containing water. There are automatic arrangements for adjustment 
of the rate of heating, sucking of air and supplying water for 
humidification to keep them within comfort limits. 


Only the most elementry principles of air-conditioning have been 
described above and the description are only illustrative. 


Questions 


1. Distinguish between conduction and convection of heat. Illustrate the 
difference by examples. (C. U. 1918, '28, ’88; Dac. 1938) 
2. Point out the various ways in which a hot body may lose its heat. 
What methods would you adopt to reduce the rate at which heat is lost in 
each of those ways ? (C. U. 1924; Pat. 1928) 
$. Distinguish between conduction, convection and radiation of heat. 
Describe experiments to illustrate the distinctions. (Pat. 1940; cf. Dac. 1931, ’33) 
4. Of what importance are these (refer to the previous question) in 
calorimetric determinations and what arrangements would you make to eliminate 
their effects ? ` (Pat. 1982; cf. '28) 
5. What are the different methods for the transmission of heat from point 

to point? Clearly explain their difference with suitable examples. 
(C: U. 1931; °41; Pat. 1949), 


e 
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6. Can you boil water in a paper vessel? If so, how ? (Utkal, 1950) 

7. Explain why water can be boiled in a vessel made of thin paper. 
(Vis. U. 1955) 
8. If you touch a piece of iron and a piece of wood lying exposed to the 
heat of the sun, which feels hotter and why ? (Dac. 1930; Pat. 1934) 
9. On a cold day a piece of wood and a piece of iron, when touched with 
fingers, appear to be different at different temperatures, though a thermometer 
placed successively against each gives the same reading. How do you account for 
this, and how would you verify your explanation by experiment? (Pat. 1928) 


10. Explain the working of Davy's Safety lamp, (C. U. 1928) 
11. How will you show experimentally that different substances have 
different conductivities ? (Pat. 1937, 43) 


12. State briefly how you would compare experimentally the conductivities 
of a rod of copper and one of lead. (C. U. 1928) 


13. Define thermal conductivity. Explain the statement that the thermal 
conductivity of glass is 0002 C. G. S. units (All. 1944; U. P. B. 1948) 


14, The opposite faces of a cubical block of iron of cross section 4 sq. cms. 
are kept in contact with steam and melting ice. Determine the quantiiy of 
ice melted at the end of 10 minutes, the conductivity of iron being 0'2 (latent 
heat of ice=80 calories), (Pat. 1925) 

[dns. 300 gms.] 

15. Find the difference in temperature between the two sides of a boiler 
plate 2 cms. thick, conductivity 02 C.G.S. units, when transmitting heat at the 
rate of 600 kilyz;am-calories per square metre per minute, (Pat. 1935) 

[Ans. 10°C 

16. Steam'v 100°C. is passed into an iron pipe | metre long, 15 mms, 
thick and whose circumference is 10 cms. Water at 100°C. collects at the rate 
of 100 gms. per min. What is the temperature of the outside 7 

(Conductivity of iron=0'2; latent heat of steam=540 cals./gm.) 


[Ans. 93°25°C.] (U. P. B. 1954) 
17. Explain how heat is propagated through a given body by conduction 
and define coefficient of conductivity. (C. U. 1982) 


18. Calculate the amount of heat lost through each square metre of the 
walls of a cottage, assuming that the walls are 42 cms. thick and that the con- 
ductivity of the material is 0004 C. G. S. units, that the temperature is 10°C. 
higher than outside. 

[Ans. 95 cals./sec.] $ f 

19. Find how much steam per minute is generated in a boiler made of 
boiler plate 05 cm. thick, if the area of the walls of the fire-chamber is 2 sq. 
metres ; the mean temperature of the plate faces 200°C, and 120°C. respectively, 
the latent heat of steam 522, and the conductivity of the steel plate 0'164. 

[Ans. 603218 gms.]} 

20. Heat is conducted through a slab composed of parallel layers of two 
different materials of conductivities 0°32 and 0°14, and of thickness 3-6 cms. and 
42 cms. respectively. The temperatures of the outer faces of the slab are 
96°C. and 8°C. Find the temperature gradient in each portion. (Pat, 1937) 

dns. 667°C. and 15:24°C.] 

91, A cubical vessel of 10 cms. side is filled with ice at 0°C. and is immersed 
in a water bath at 100°C. Find the time in which all the ice will melt. Thickness 
of yessel=0'2 cm. and the coefficient of conductivity=002. (U. P. B. 1948) 

[Ans. 1222 secs, assuming density of ice=0'9167 gms./c.c.] 
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22. Spheres of copper and iron of the same diameter and of masses 8:7 
are both heated to 100°C. and placed on a slab of paraffin wax. It is found 
that copper sinks in more quickly than the iron, but in the end the hou is 
in level with the copper having melted the same amount of wax; give an 
explanation of this. A (Pat. 1985) 

[Hints.—Copper has less specific heat but greater conductivity than iron.} 

93, One end of a metal bar is heated. Indicate clearly the factors on 
which the rate of rise of temperature at any point on it depends. 

(Pat. 1925; All. 1946; R. U. 1949; Utkal, 1951) 

°4. Two metal bars A and B, of the same size, but of different materialy 
are coated with equal thickness of wax and placed each with one end in a hot 
bath. It is noted that at first the wax on A melts at a greater rate than 
that on B, but that when a steady state has been reached, a greater length 
of wax has been melted on B than on A. Explain this. (C. U. 1941) 

25. Define ‘thermal conductivity’ of a material. You are given two metal 
rods of the same dimension ; describe an experiment to show which of them 
had the higher thermal conductivity. (Utkal, 1950) 

26. Explain ‘conductivity’ and describe a method for determining it for 
a metal. (R. U. 1948, ’51) 

27. Explain why we get land breeze during night and sea breeze during day. 

(Utkal, 1947) 

28. Discuss, as fully as you can, the grounds on which we conclude that 

radiant heat is but invisible light. (C. U. 1912; 733°; of. Pat: 1929) 
29. Describe an experiment to show that the intensity of the radiation at 

a point due to a given source is inversely proportional to the square of the 
distance of the point from the source. Í (Utkal, 1951) 

30. Describe an experiment showing that thermal radia épns are transmitted 
in straight lines. Show how to prove experimentally tan radiant heat 
received by a given surface is inversely proportional to the sq--\re of the distance 
of the surface from the source of heat. (Pat. 1920) 

$1. Describe a convenient apparatus for investigating the laws of reflection 
and refraction of heat and give the general results arrived at. 

(All. 1932; Pat. 1945) 

$2. Describe and explain the use of Leslie's cube. * (C. U. 1948) 

33. State the laws which govern the transmission of heat by radiation. 

- You are given two ordinary clear glass thermometers ; and the bulb of one 
of them is coated with lamp-black ; compare their readings when exposed (1) 
on a damp cloudy night, (2) on a clear dry night in the cold weather, (3) in 
the sun. (Pat. 1932; cf. 1942; All. 1919) 

[Hints.—(1) On a cloudy night the free radiation from the earth being 
obstructed, the atmosphere becomes warmer, and as the lamp-black-coated bulb 
absorbs heat to a greater extent, the temperature recorded by it is higher than 
that of the other, (2) On a clear night the black bulb radiates to a greater 
extent andı so its temperature will be lower than that of the other. (8) In the 
sun the black bulb absorbs heat radiation to a greater extent and so will indicate 
a higher temperature.] 

34. Describe an experiment to show that good emitters are good absorbers, 

A Ho, (Pat. 1949) 

_ 35. Explain (a) why it is of advantage to paint the roof of a house white 
in the hot weather; (b) the principle and construction of the thermos-flask. 
Pat. 1939; cf. b 1S 

36. Write a note on Crooke’s Radiometer. : ir R ne 

; 37. Explain why the walls of a green-house in cold countries are made of 
glass. (Utkal, 1951) 
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38. Describe the principle and construction of ‘Dewar's Vacuum flask’ or a 
‘Thermos-flask’. 
(Pat. 1951 ; G. U, 1953 ; And. U. 1952 ; Del. U. 1941; C. U. 1950 ; Vis. U, 1952) 
39. Enunciate Newton's Law of Cooling. How would you verify it 
experimentally ? How can you use this law to make radiation corrections ? 
(All. 1923, '26; A. B. 1952) 


40. Enunciate Newton's Law of Cooling and point out its limitations. 
(cf. Dac. 1941; Del. U. 1943; M. B. B. 1952) 
41. A metal sphere cools from 80°C. to 70°C., in 5 minutes and to 625°C. 
in the next 5 minutes. Calculate the temperature at the end of the next 
5 minutes. (Bomb. 1953) 
[Ans. 56'875°C.) = 
42, Give an outline of Preyost’s Theory of Exchanges. 
(G. U, 1951, "52, '55, ; Rajputana, 1948 ; East Punjab, 1950, ‘53; Bomb. 
1952, "55; All. 1952). 
43. The bulbs of two indentical thermometers are coated, one with lamp- 
black and the other with silver. Compare their readings (a) when in a water 
when in the sun, (c) when exposed on a clear night. 


bath in a dark room, (b) 
(Pat. 1927; cf. 1924) 
({Hints.—(a) Both will indicate the temperature of the bath; (b) the 
temperature of the lamp-black-coated thermometer will be higher as it will absorb 
more heat rays than the silvered surface ; (c) the temperature of the lamp-black- 
coated thermometer will be lower than the other as it will radiate out more 


heat.] 


CHAPTR IX 


MECHANICAL EQUIVALENT OF HEAT : 
HEAT ENGINES 


158. Nature of Heat (Caloric Theory) :—The old idea as to the 
nature of heat was that of a weightless invisible fluid, called caloric, 
which, according to the supporters of the caloric theory, is present 
in every substance in large or small quantities, rendering that subs- 
tance hot or cold. ‘The fluid is, according to them, to be given up by 
a hot body when placed in contact with a colder one. The heat 
produced by compression or hammering was explained by supposing 
that caloric was squeezed out of the body like water of a sponge. Again, 
the heat produced by friction, as for example, by rubbing two bodies 
together, was explained by stating that in addition to the caloric 
squeezed out, the thermal capacity of a substance was less in the 
powder form than when taken in large masses, and so the particles 
did not require so much caloric to maintain the former temperature ; 
so some heat was given up which raised the temperature of the fine 
particles and the rubbed bodies. 


Rumford’s experiments.— The fist blow to the caloric theory 
was given by Count Rumford in 1798, while superintending the 
boring of cannon at the Munich Arsenal. He observed that a large 
amount of heat was deve’oped both in the cannon and in the drill, 
which was apparently unlimited. He arranged to revolve a blunt 
drill in a hole in a cylinder of gun metal weighing 113 lbs. by which 
the temperature rose up to 70°F., though the weight of the metallic 
dust rubbed off the cylinder was only 2 ounces. It occurred to him 
that the only other source from which heat could be received was air. 
So in order to avoid the effect of the atmosphere, he repeated his 
experiment by surrounding the cylinder with 24 gallons of water 
which began to boil after some time. It appeared impossible that 
such a large amount of heat cou'd Le li erated by such a small quantity 
of borings by a mere change in thermal capacity. This heat, he 
argued, could not also come from the water; for water was only 
gaining heat. Rumford observed that the supply of heat produced 
by friction was unlimited, and he stated that anything which could 
furnish heat without limitation could not be a material substance. Heat 
was, according to him, not due to something material as the caloricists 
thought, buta kind of motion. 

Davy’s Experimert.—The final blow to the caloric theory was 
given by Sir Humphrey Davy who rubbed together in vacuum two 
pieces of ice, which melted to form water even when the initial tem- 
perature of the ice and its surroundings was 29°F., i.e. below the 
freezing point. Davy states: “From this Experiment it is evident 
that ice by friction is conyerted into water, and, according to the 
ealoricists, its capacity is diminished, but it is a well-known fact that 
the capacity of water for heat is much greater than that of ice, and 
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ico must have an absolute quantity of heat: added to it before it can 
melt. Friction consequently does not diminish the capacities for 


In spite of these experiments scientists continued to support the 
caloric theory until 1849, when the Dynamical Theory of Heat was 
established by the experiments of Dr. Joule of Manchester, who not 
only showed that heat is a form of energy, but also found the exact 
relation between heat and mechanical energy. 


Since then it is now believed that heat is a form of energy 
possessed by a body due to the motion of its molecules, The more 
rapid the molecular motion, the hotter is the body. 


159. Heat and Mechanical Work :—It is well-known that 
when two bodies are rubbed against each other heat is produced. 
It is produced at the expense of the work done. Similarly, when a 
body, falling from a height, strikes against the ground, it loses its 
kinetic energy acquired during the fall, which is converted into heat. 
Conversely, heat energy is transformed into work in the case of a 
steam engine or internal combustion engine. The heat is derived 
in the case of the steam engine from the combustion of coal and in 
the case of the internal combustion engine from the combustion of 
petrol, gas or oil mixed up with air. 


Every cyclist knows that at the time of pumping the tubes the 
pump grows hot. This is due partly to the friction of the piston 
against the walls of the cylinder, but chiefly to the fact that the inward 
motion of the piston is transferred to the molecules of air coming 
into contact with it, which has the effect of increasing the velocity. 
of these molecules. These molecules colliding with the advancing 
piston rebound with increased velocity which is so great that the 
temperature of the mass of gas at 0°C., when compressed to one-half 
of its former volume rises to about 87°C. 


Shooting stars, meteorites are also other interesting examples, 
These are pieces of matter, cold to begin with, which are attracted by 
the earth. They run through the atmosphere with such enormous 
speed that there is rapid compression of gases in the atmosphere and, 
as a result of the work done, the rise of temperature is so high that 
these pieces of matter become luminous, and very often burn away 
altogether. 5 


Again when a gas is made to expand suddenly, it cools down. 
This shows that the work is done at the expense of the heat drawn 
from the gas itself. When a liquid evaporates, jt cools down. The 
work of expansion due to vaporisation is evidently done here at the 
cost of heat energy of the liquid. 

The above facts indicate beyond all doubts that heat and work 
are intimately related to each other. The exact relation between 
them was established by Dr. J oule’s experiment and is as follows : 


Pt 
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Whenever work is converted into heat or heat into work, one is 
equivalent to the other. This principle of equivalence is otherwise 
known as the First Law of Thermodynamics. 

160. Mechanical Equivaient of Heat :— According to the first 
law of Thermodynamics, as stated already, whenever heat is trans- 
formed into work or work into heat, one is equivalent to the other. 
The amount of mechanical work equivalent to unit heat is known as 
the mechanical equivalent of heat and represents only the rate of 
exchange between these two forms of energy. Thus if W and H re- 
present respectively the mechanical work and heat when one is 
wholly transformed into the other, and J=mechanical equivalent of 
heat, i.e. mechanical work equivalent to unit heat, we have W= JH, 


from the first law of Thermodynamics, or J= + r 
The mechanical equivalent of heat is represented by J in honour 
of Joule who first determined its value. 


The Value of J in different Units.— 


J=T178 ft.-lbs. per B.Th.U. 
=178 x ¥=1400 ft.-lbs. per C.H.U. 
"= MOO 8048 % 458°6 S81 ergs per calorie [*." 1ft.=30'48 cms, 
and 1 lb.=453'6 gms. ] 
=4°186 X 107 ergs. per calorie 
=4°186 Joules per calorie [*.* 1 Joule=107 ergs] 


The most approximate value of J is taken to be 4'2X107 ergs per 
calorie for ordinary calculations. 


161. Determination. of J :— 
(a) Joule’s Experiment.—The first exact determination of the 


quantitative rela- 
tion between heat 
and work, i.e. the 
mechanical equiva- 
lent of heat, was 
made by Dr. Joule 
in 1849. 


In Joule’s ex- 
periment work was 
expended in churn- 
ing water con- 
tained in a calori- 
meter and the heat 
produced was 
found from the re- 
Fig, 81—Joule: intents sulting rise of tem- 

g foule’s Experiment. ESR (Fig. 81). i 


n p 


tI 
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A specially constructed coppər calorimeter C containing water 
was taken [Fig. 82(a)]. 
Four partitions P mubu- 
ally at right angles to 
each other were fixed in- 
side it [Fig. 82(b)]. A 
paddle could be rotated in 
water in it about a verti- 
cal spindle. The spindle 
E. carried a set of eight 
vanes v which passes 
through spaces cut in the 


stationary vanes and 
could tura inside in a way (a) (b) 
similar to a key turning Fig. 82—Joule’s Calorimeter, 


jn the wards of a lock. 

This arrangement prevented the water from being rotated in the 
direction of the paddle and was asa result thoroughly churned. To 
prevent the conduction of heat along the metal spindle Æ it was 
interrupted at B [Fig. 8L] by a piece of boxwood. A wooden drum 
D fitted with a turning handle H is fixed on the spindle W. The 
drum could be detached from the spindle by means of a removable 
pin T. A flexible cord passed round the wooden drum and its two 
ends were taken to opposite sides of the drum and wound over on two 
large pulleys P as shown in the figure. The axles of these pulleys 
were placed on friction wheels to diminish friction. The pulleys 
carried equal weights M hung by strings wound round the axles. The 
heights of these weights from the ground below could be read from 
vertical scale S. The motion of the paddle was produced by 
allowing the weights to fall. The pin T could be quickly removed 
and the weights M wound up again by turning the handle H without 
revolving the paddle. The fall-experiment was repeated a number 
of times and the temperature of the water recorded at intervals by 
means of a mercury thermometer. 


Caleulation.—In order to produce an appreciable rise of 
temperature, suppose the weights are raised and allowed to fall 


several times. 


Let m=mass of water in the calorimeter ; M=mass of each 
weight ; h=height through which each weight falls;m=number of 


falls : 

W =water equivalent of the calorimeter; * 

i°=rise of temperature of water in the calorimeter ; 

»=velocity acquired by the weights on reaching the ground. 

'. Potential energy in the raised position, for both the weights 
=2Mgh. 

Kinetic energy just before striking the ground = 2% 4Mv* = Mv". 
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Total energy used=n(2Mgh- Mv?) ergs; and heat produced 
=(m+w)t cal. 
7a _ n2Mgh— Mr?) 
ED (m+w)t ` 


Errors and Corrections.— 

Joule had to make various corrections in order to get a reliable 
result. He made an allowance for the energy converted into sound. 
Corrections were also made for the losses due to conduction, radiation, 
ate, and for the energy absorbed by friction. 

The defects of his expt. were : (1) Joule, on the authority of 
Regnault, assumed the specific heat of water to be the same at all 
temps. ;(2) the mercury thermometer, he used, was not calibrated 
with reference to any standard thermometer, such asa gas thermo- 
meter ; (3) the rise of temperature attained in his experiment was 


yery small. 

The final mean .result of the value of J given by Joule was 773'4 
ft-lb. per B.Th.U. But by later investigation, it was found that 
Joule’s result was rather low and tho accepted result today is 778 
ft-lbs. per B.Th.U. 


Importance of Joule’s Experiment.— By finding that the value 
of J is constant, i.e. the rate of exchange between heat and work is 
constant when one is wholly transformed into the other, Joule estab- 
lished the equivalence between heat and work [First law of Thermo- 
dynamics], This equivalence is independent of the way in which the 
work is derived or the means by which the transformation is effected. 
Tn a way thus he proved the law of conservation of energy as 
applied to the special case of heat and mechanical energy, and this 
proof forms one of the strong foundations on which the universal law 
of conservation of energy rests. 


(b) Searle’s (or Friction Cones) Method.—The apparatus 
(Fig, 88) essentially consists of two conical brass cups A and B, one of 
which fits closely into the other. The lower 
cup B is fixed on a non-conducting base 
which again is fixed on the top ofa vertical 
spindle S. The spindle can be rotated by a 
hand wheel ora motor. Acircular wooden 
dise GC is fixed to the inner cup A anda 
string wound round the circumference of 
the disc passes overa pulley and carries a 
suitable weight W at the other end. When 
the cup B is rotated, Ais prevented from 

Fig. 88 Going so by the tension of the string, and 

the speed of rotation, which is cou a 

speed counter, attached to the spindle, is so adjusted that the ae 
W hangs stationary, the tension of the string acting as a tangent to 
the dise. Now, the work done against friction between the surfaces 


S 
È 
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of the cups, i.e. the mechanical energy, is converted into heat which 
rises the temperature of the cups and a known mass of water taken 
in A. A thermometer dipped in A records the rise in temperature. 

Calculation.—Here for a steady suspension the moment of the 
average friction force F between the cups is equal to the moment 
due to the force W(= My), where M is the mass of the weight. The 
iormer=F' Xa, where a is the mean radius of the surfaces of the cups 
which are in contact.’ So, Fa=Maxr, where ris the radius of the 
disc. Now, the work done in ergs for each reyolution=27a X F. 
For n revolutions, the work= ĉ2nnaF = 2mnMgr ergs. 

Again, ifm be the mass of water in the cup, w the water equiva- 
lent of the cups, and ¢’C. the rise in temperature, the heat developed 


by rotation, H= (m +w)t calories. 
Inn Mgr 


Hence, the mechanical equivalent, J= AN, ergs. per calorie. 


Otherwise thus.— The work can be calculated also thus. The 
work done for n turns of the spindle in overcoming the friction 
between the cups is the same as would have been spent if the spindle 
and the outer cup B had been kept stationary and the inner cup A 
had been made to rotate by the wt., (W= Mg), making n revolutions 


of the dise slowly. 


The mechanical work done= (force x distance) = Mg X nrn. 
on es work done _ 2nnMar 
Wy heat developed TT) 


b to reduce 


Radiation is the chief source of error in this experimen 

which the cups must be brightly polished. 

(c) A Simple Laboratory Method for Determin- 

ing J.—The following example illustrates a simple 
method for determining the value of J. 

A cylindrical tube 15 cms. long made of a non-conducting 
material, closed at both ends, contains 500 gms. of lead shots, 
which when the tube is held vertically, occupy 6 cms, of the 
tube length. The tube is suddenly inverted so that the end 
originally above, is now below and the shots fall to the 
other end of the tube. The tube is then again quickly 
inverted and the process is repeated 200 times. At the end 
of the process the temperature of the shots is found by 
means of a thermometer to be 14°C. higher than it was 
at the beginning of the experiment, Find the value of the 
mechanical equivalent of heat (Sp. ht. of lead is 0'03. It is 
assumed that no heat is lost by radiation or conduction). 

(C. U. 1910) 

Ans. The lead shots fall through a height=(15—6) cms. 
each time the tube is inverted. Hence the loss of potential 
energy for each time i 

=500x 981 x (15—6) ergs. Fig, 84 
The total loss=200x 500 x 981(15—6) ergs. 
Heat developed in lead shots= 500 x0'03 x 1'4 cal. 
.*. Mechanical equivalent = eer 
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200 x 500 x 981 x (15 —6) 
500 x0°03 x14 
=4'2x107 ergs per clorie (nearly). 


(d) Electrical Method.— Vide Current Electricity, Ch. V. 


(e) Mayer’s Method of determining J.—Mayer used the rela- 
tion Op- Cv=R/J (vide Art. 82) in 1842 for the determination of the 
valuo of J before its first direct experimetal determination in 1849 
by Dr. Joule. 


Tt isknown that 1 cc. of air at N.T.P. weighs 0001293 gm. 
Therefore, the volume Vo occupied by 1 gm. of air at N.T.P. is, 
Vo =1/0'001298 c.c. 
Since the normal pressure Po is 1013X 10° dynes/em.*, the value 
of R for 1 gm. of air is given by, 
p-e 1013x 10° 1 


a3 218 - 0001293" 
Taking the value of Op =0'238, and Cv =0'17 for 1 gm. of air, we 
have, r 


ergs per calorie 


R OLS 108 te eel 


J=G, -0s 278 0'001293 X (9'238—0'17) 
=4'2Xx 107 ergs per calorie. 


Another Relation.—The kinetic energy of a body of mass m 
moving with velocity v=4mv*. 

Hoat developed H when the body meets an obstacle and stops 
suddenly=mst, where s is the specific heat of the body, and t the rise 
in temperature by the impact. 


Then, H =< kinetic energy << dmv? ; 

or, JH=mv? ; or, JX mst = mv" ; 
pete 

or, arm 


Na i) Determination of J by Continuous Flow Calorimeter :— 
Gallendar and Barnes’ calorimeter consists of a wide cylindrical glass 
tube HF, the middle portion of which is drawn into a narrow tube, 
cc [Fig. 81(A)]. In the two wider ends, Æ and F, are introduced 
two copper cylinders Dı and Ds, between which is stretched a heating 
wire or a spiral of nichrome wire passing along the axis of the narrow 
tube, cc, Two platinum resistance thermometers PP, are inserted 
in D, and D, for the measurement of the steady temperatures of the 
incoming and outgoing water in Æ and F respectively. For flow of 
water through the tube Æ cc F, an inlet, a, is arranged in Æ and an 
outlet, b, in F. To reduce losses due to conduction and convection 
from the hot water in the central tube cc, the latter is jacketted by 
a vacuum tube, which in its turn is again surrounded by a constant 
temperature water bath. This water bath ensures a constant rate of 


as 
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radiation loss so long as the temperature of cc is constant. To heat 
the water flowing in the calorimeter, a steady current is passed 
through the heating spiral from an electric battery or from the mains. 
The current through the coil is measured by an accurate ammoter A 
(or better still by means of a potentiometer wherein a drop over a 
standard resistance is to be measured by comparing it with the e.m.f. 
of a standard cell) By connecting a sensitive voltmeter V between 
the terminals BB of the heating wire, the p.d. over the wire can be 
found in the steady state of flow. When the rate of water-llow 


4 eee 


pat 


Fig. 84(4) 


through the calorimeter is steady, by adjusting the current in the 
circuit, the rise in temperature ‘6’, recorded as the difference of the 
two platinum thermometer readings, is made nearly 5° to 6°0. When 
this temperature difference is found fo be constant for about 15 
minutes, the p.d, between the ends of the heating wire and the current 
flowing through it are recorded. In this steady state since no heat 
is absorbed by any part of the apparatus, its water equivalent does 
not enter into calculation. This is one of the advantages of this steady 
flow method. 


Let iz, Vı be the current and p.d. of the heating wire in the steady 
state respectively and m4 the mass of watar flowing through the tube 
EccF in t secs. Now if O be the rise in temperature of the water and 
sand hare respectively the sp. ht. of water and the radiation loss 
during the interval, then the heat gained by the water together with 
the radiation loss is (m,s.0+h). This must be equal to the electrical 
energy expended in the heating coil during t secs. 


Fast m,s0+h ... (1) where J = mechanical equivalent of 


heat. Asin this relation 3 is not known, another set of experime nt 
js to be done keeping ¢ and 0 constant in order to eliminate h. Let 
Ve, ia, ma be the pd, current and the mass of water flowing 
respectively during the second set of experiment, 6 and ¢ being ma de 
the same. 
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From (1) and (2), 


e eal 3 PES) 
J(m,—ma)ð 
Hence assuming the value of the specific heat of water, J may 


be determined. 

The advantages of this method are: (1) As the temperatures 
are steady there is no question of thermometric lag ; (2) The water 
equivalent of the calorimeter is not involved in the calculations ; 
(8) The radiation correction is eliminvted from two sets of obser- 
vations. 

Examples, (1) How much work is done in supplying heat necessary to con- 
vert 10 gms. of ice at —5°C, into steam, at 100°C. (sp. heat of ice=0'5 ; 
J=42x107 ergs/calorie). (All. 1917; R. U. 1942) 

Ans. (a) Heat necessary to convert 10 gms. of ice at —5°0. into ice at 
0°0=10x0'5X5=25 cals. (b) Heat necessary to convert 10 gms. of ice at | 
0°C. into water at 0°C.=10x80=800 cals. (c) Heat necessary to convert 10 | 
gms. of water at 0°C, into water at 400°C.=10x100=1000 cals, (d) Heat 
necessary to convert 10 gms. of water at 100°C. into steam at 100°C. =10 x536= i 

5360 cals. 
*, The total heat necessary =7185 cals, 


Work done Jx H=4'2x107 X7185 ergs=3°0177 X 10** ergs. | 
(2) If a lead bullet be suddenly stopped and all its energy employed to heat l 
it, with what velocity must the bullet be fixed in order to raise the temperature l 
through 100°C., the specific heat of lead being 00314. | 
Ans. Let m be the mass of the bullet in grams and v its velocity in cms. 
per second ; then its Kinetic energy=mv?/2 ergs. 
And heat produced H when the bullet is stopped =m x 0°0314 x 100 cals. 


a 
se 4°2%107 ee +-(mX0°0314 x 100) ; whence v=162°407 x 10? cms, per sec. 


nearly. 

(3) A lead-ball dropped from an aeroplane at a temperature of 15°C., just | 
melts on striking the ground. Supposing the whole of its kinetic energy is 1 
converted into heat, find the height of the aeroplane at the moment at which | 
the ball is dropped (sp. ht. of lead=0°03 ; melting point of lead=350°C. ; latent 
heat of lead=35 calories). (Pat. 1932; G. U. 1951) i 

Ans. Ifh be the height of the aeroplane, the loss of potential energy of i] 
the ball=m x981 xh ergs. Thisis converted into heat, which first raises the 
temperature of the ball through (350—15)°C., and then melts it. 

<. The total heat developed =m x 0°03 x 335 +m x 35 =m Xx 45°05 cals. 

This is equal to (mx981xXh)+J; so 4°2X107 =981xmxh+(mx45'05) ; | 
whence h =19287'4616 metres. 

(4) If the mechanical equivalent of heat be 779 Foot-Pound-Fahrenheit 
units, from what height must 10 lbs. of water fall to raise its temperature by 


Re? (Pat. 1940) 
Ans. Leth ft. be the required height. Rise in temperature=1°C. -2 F. { 
.. Heat produced H=10x1x2 =18 B.Th.U. a 
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Work done W= forcex distance =10 xh ft. Ibs. 

A 10x}, 10x% , REE 

Ath ig? or, 779 Tg} Of h=1402'2 ft. 

(5) With what velocity must a lead bullet at 50°C. strike against an 
obstacle in order that the heat produced by the arrest of the motion, if all 
produced within the bullet, must be just sufficient to melt it? (Sp. ht. of 


lead=0'031 ; melting point of lead =335°C., latent heat of fusion of lead=5'37) 
(C. U. 1930 ; Dac. 1932) 


Ans. The available energy=}mv?. This is converted into heat by which 
m gms. of lead is raised in temperature from 50°C. to 885°C. and then melted. 
The amount of heat developed, H=m x 0'031 X (335—50) +m * 5°87 =m x 14°2 
calories. 


We have, JH=work or energy. .. 4°2x107 Xm 142 =3mv* ; whence 


»=84°5 X10" cms. per sec. 

(6) A meteorite weighing 2000 kilograms falls into the sun with a velocity 
of 1000 kilometres per second. How many calories of heat will be produced? 
(J=4#19x107 ergs per calorie). (C. U. 1926) 

Ans. m=2000 kilograms = (2000 x 1000) gms. 

The kinetic energy of the meteorite =3mv?. 

= 4 X (2000 x 1000) x (1000 x 1000 x 100?) ergs=107? ergs =JH. 

5 ety DASS 

Pener 4°19 107 

(7) The mechanical equivalent of heat is #2 Joules per calorie. By what 
number should it be expressed in the F. P. S. system? (Assume I kilogram =2'2 
lbs. and 1 inch=2'5 cms.). (Pat. 1942) 

Ans. 1calorie=heat required to raise the temperature of 1 gm. of water 
through 1°C. ; 1 gm.=1/10* kg. =(1/10*) x 2'2 Ibs. ; 10. =} F. 

J. 1 calorie =i x 2i. -dogree Fahrenheit unit (or B.Th.U.) (1) 
Wo have J= 4'2 Joules per calorie=4'2 x10" ergs per calorie. 

4'2 x 107 $ 4°2x 107 

Sent: gms.-cm. per calorie= 9375108 x25 


4°2x107 x22 i 
= ai xio xr xia t 1 Por calorie: 
s 7x9 $ 
42x107 x9°2X10" XS ft ib, per B.Th. U. 


J. From (1), J= 981 x 108 x25 x12x3"2x9 


=2°88x10*. calories. 


kg.-inch per calorie, 


=792°9 ft.-Ibs. per B,Th.U. 


162. Work done by a gas.—The work done by a gas, when it 
expands at constant pressure, is equal to the product of the pressure 
and the increase in volume. And when a gas contracts at constant 
pressure, the work done onthe gasis equal to the product of the 
pressure and decrease in volume. 


Let a certain amount of gas of volume Yı ©.c. be enclosed ina 
cylinder of uniform cross-section fitted with a piston of area, A, 
occupying a length 1, of the cylinder and let p be tho uniform pressure 
acting on the piston. Therefore, the force on the piston=AXp. 
Suppose the gas expands, the increased volume being ve occupying 
a length la. Then the work done by the gas= force X distance =p X AX 


(la — la) ergs=p x (va — v1) orgs. 
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Thus, the work done by a gas during expansion is equal to the 
product of the pressure and the increase in volume. Similarly, the 
work done on a gas can be shown to be equal to the product of the 
pressure and the decrease in volume. 

Examples. How much work is done against uniform pressure when 1 gm. 
0) water at 100°C. is converted into steam? Express your result in calories. 

(All. 1918) 


Ans. The pressure at which 1 gm. of water at 100°C. changes into steam is 
76 cms. of mercury. The pressure =76 X13'6 x981 dynes per sq. cm. 

When water is changed into steam, its volume is increased 1670 times. So 
the volume of steam formed out of 1c.c. of water is 1671 c.c. Hence the work 
done =76 x 13'6 x 981 x 1670 ergs. 

Pe Ae 76 X13'6 X 981 x 1670 ; 3 $ 

This is equivalent to — F3 x107 — calories =40°52 cals. 

163. Energy given out by Steam :—The high value of tho 
latent heat of steam shows that when steam condenses, a tremendous 
amount of heat is given out, some of which is converted into work 
as in the case of a steam engine (vide Art. 165). 


We have already seen that 1b. of steam in condensing at 100°C, 
would liberate about 965 B.Th.U. of heat, which would raise the 
temperature of 965 lbs. of water through 1°F. Each B.Th.U. is 
equivalent to 778 ft.-lbs. of work. So the energy given out=778 x 965 

| =750,770 ft.-lbs. 

This means that the above amount of energy which is liberated 


by 11b. of steam is also derived by a mass= rae tons= 353 tons 


(nearly), in falling through 1 foot. So the same amount of energy must 
be necessary in boiling 1 lb of water into steam. 

We have already seen also that 144 B.Th.U. will be necessary 
in melting 1 lb. of ico which is equivalent to 112,032 ft-lbs. This 


2,032 
energy will be liberated by a mass= H2N3 =50 tons (nearly), in 


falling through 1 foot. 


HEAT ENGINES 


164. Conversion of Heat into Mechanical Energy :—The trans- 
formation of mechanical energy into heat has already been explained. 
Now we shall deal with the reverse process, that is, the conversion 
of heat into mechanical energy. The machines by which this is dono 
are called Heat Engines, which include the Steam Engines, Steam 
Turbines, Internal Combustion Engines, such as Oil or Gas Engines, 
Petrol Fngines, etc. These engines are often referred fo as 
prime movers because they develop their motive power directly from 
fuel. Obviously, an electric motor is not a prime mover. 

Boilers.—The steam engine is an external combustion engine, for 
the combustion of the fuel from which ultimately the motive power 
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is derived takes place in a separate unit, namely the boiler which is 
outside the steam cylinder. By the heat of combustion of a fuel, 
such as coal which is the most common form of fuel used for boilers, 
steam is raised in the boiler. In modern boilers there is arrangement 
for superheating the steam at constant pressure. Thereby the 
advantage of high temperature is obtained without raising the pressure 
of the steam. This increases the efficiency of the steam engine with- 
out increasing the cost of construction. For safety, boilers are 
provided with safety valves which protect the boiler from development 
of high internal pressures detrimental to it. 


Safety Valve.—An ordinary safety valve for a boiler is onlya 
class IIL type of lever [vide Art. 180(a), Part I]. It consists of a 
straight lever FB- pivoted at one end F [Fig. 85]. The valve V is 
attached to the lever at some intermediate point A close to F. The 
valve is held down on its seat 
against the upward steam pressure 
by a relatively small weight W 
hung on the lever at the distant 
end B. The weight W and the 
distance F'B are so adjusted that 
if the steam pressure acting up- 
wards exceeds a certain value, it 
overcomes the downward force 
exerted on the valve by the weight 
W and the valve opens up where- 


Fig. 85—Safety Valve. 


on steam continues to escape into the atmosphere until the pressure 
within the boiler falls to the normal value when the valve closes again. 


Regulation of Speed.—The speed of an engine is liable to change 
on change of load. To ensure a smooth running at constant speed, 
a device called a governor is 
employed. It is a selfacting 
machinery driven by the main- 
shaft of an engine and controls the 
supply of power to the piston. In 
the steam engine it regulates 
the supply of steam from the 
boiler to the cylinder. 

Watt’s Governor.—The prin- 
ciple of its action has been dealt 
with in Art. 93(6), Part I, in con- 
nection with centrifugal forces. 
Fig. 86 illustrates such a governor 
communicating with a throttle 
valve. A throttle valve is usually 
fitted in the steam-supply tube 


Fig, 86—Watt's Governor and U 
£ Throttle-valve. between the stop-valve of the boiler 


and the steam-chest of the engine. 


Vol. 1—83 


Coe 
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In the figure, a vertical spindle V has been shown to revolve by 
gearing with the engine shaft. So its speed rises or falls with that 
of the engine, It carries a pair of heavy balis A & B which are 
fastened to the spindle V by links pivoted at P. When the engine 
speed increases and the balls rise, they pull down the collar O which 
slides on the spindle V. The forked ead of a lever L pivoted at R 
is fitted on this collar, the other end being ultimately connected to 
a tap Fin the steam pipe, called a throttlevalve. As the collar is 
Pulled down, the tap tends to reduce the opening for steam whereby 
the steam supply to the engine falls and the engine slows down. If the 
_ engine speed goes down too much, the balls fall and so the collar is 
raised and the throttle opens up allowing more steam to piss into 
the engine and the engine speeds up. 


‘The Crank and the Fly Wheel.—It was again Watt who first con- 


verted the to-and-fro motion of the piston of an engine into circular 
motion by means of a connecting rod and crank. Fig. 87 shows 
a crank fitted to a piston by means 
of a connecting rod which takes up 
the motion of the piston and con- 
verts it into the circular motion of 
ashaft. The crank O is a short arm 
between the connecting rod Rand 
Fig. 87—A Orank, the shaft S. At the forward stroke 
of the piston the connecting rod pushes the crank while at tho refurn 
stroke it pulls the latter resulting in a complete circular motion of 
the shaft. During each revolution of the shaft there are two points 
when the connecting rod and the crank come into in the same line 
and no turning moment is exerted on the shaft. These points are 
called the dead centre positions. “Again at two points the crank and 
the connecting rod are mutually at right angles when the torque is 
maximum. The torque on the shaft being thus variable, the speed 
of rotation of the shaft tends to vary in course of each revolution. 
A big fly wheel is usually mounted on the shaft, which by virtue of 
its large moment of inertia (vide Art. 70, Part I) carries the shaft 
across the dead centre positions and by absorbing energy when the 
speed is greater due to greater torque during one-half of the revolution 
‘and releasing the same when the speed tends to fall owing to smaller 
torque and the next half revolution, serves to keep the speed of the 
shaft uniform. Thus it acts as a reservoir of energy or stabiliser and 
seeks to smoothen out any variation of speed during a revolution. So 
it, may be noted inthis connection that the function of a governor is to 
prevent any variation of speed on change over from one load to another. 


165. The Reciprocating Steam Engine :—In 1768 James 
Watt of England invented the Reciprocating Steam Engine (vide life of 
James Watt, Art. 170). The following must be the essential paris of 


a Steam Engine, though engines of today may diler considerably in, 


details of construction. 
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STEAM FROM BOILER 


ECCENTRIC ROD~ 


SLIDE VALVE 


CJ—CRANK PIN 


ZL 


(a) 
Fig. 88—The Steam Engine. 


A Boiler. (1)—Steam is raised in this plant (vide Art. 164) which 
may be either of the smoke- 
tube type or of the water-tube 
type. For engines of large 
horse-power, superheated steam 
at high pressure is produced by 
the boiler. The steam from 
the boiler is led through a tube 
into a chest, called the steam- 
chest or valvechest. This 
supply-tube is provided with a 
valve, near the boiler-end, 
called the stop-valve for regu- 
lation of steam. Further down- 
wards the steatm-chest a 
throttle-valve is situated. 


CYLINDER 


(2) The Steam or Valve- 
chest.—It is a rectangular 
stout box (Fig. 88) mounted on 
the cylinder of the engine. It 
has. three openings or ports. 
The middle one is connected Fig. 89 i 
with the exhaust pipe while through the two side ones the steam- 
chest communicates with the cylinder. These two communicating 
ports are alternately closed and opened by means of what is calleda 


slide valve. 
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(3) The admission control valve.—It has a variety of forms, D- 
valve (shown in the figure), piston-valve, drop-valve, etc. Its func- 
tion is to direct the steam into the cylinder through the two commu- 
nicating ports alternately so that the piston which works in the 
cylinder is acted on from either side in turn, producing a to-and-fro 
(reciprocating) motion. It is provided with a spindle driven by a 
connecting rod joined to an eccentric disc mounted on the main shaft 
of the engine. 


(4) The cylinder and the piston.— A sterm-tight piston usually 
of cist steel, works inside the cylinder which is a cylindrical vessel of 
high strength and which communicates with the steam-chest through 
the two communicating ports. Its spindle called the piston rod works 
through a packing or stufing box with which the front end of the 
cylinder is provided and is joined to the driving rod otherwise called 
the connecting rod at the cross-head hy means ofa pin called the 
gudeon pin.: The cross-head moves along a fixed groove in a guide 
Producing a straight line motion. The driving rod is connected to the 
crank by the crank pin. The crank which is mounted on the shaft is 
a contrivance for converting the to-and-fro motion of the piston rod 
into circular motion of the shaft. 


(5) The fly-wheel.— It is a large and massive wheel (vide Art. 
164) mounted on the main shaft. The turning efforts on the shaft 
Produced by the crank is not constant during a revolution. It is the 
fly-wheel which keeps the speed of the shaft constant by smoothen- 
ing down the variation by means of its large moment of inertia, Tb 
also helps the crank to move across the dead-centre positions. 


(6) The governor.— On change of load, the speed of the engino 
varios. To keep the speed approximately constant on all loads, 
a self-acting machinery, called the governor, driven by the main shaft, 

. is used (vide Ars 164). It is connected by a system of levers to a 
regulating valve, one form of which is called the throttle-valve. The 
revolving balls, with which the governor is Provided, rise or fall 
according as the speed increases or decreases. This rise or fall of the 
balls operates a sleeve which communicates through a lever system 
with the throttle-vilve and accordingly steam-supply is so. reduced 
or increased as to keep the speed constant. 


Principle of Action.— Here the heat energy of steam is trans- 
formed into mechanical work through expansive action. 


Steam from the boiler is led into- the steam-chest whenco it 
enters into the cylinder. When steam enters the cylinder through the 
lower steam port shown in Fig. 89, the slide valve covers the 
exhaust and the wpper-port so that these two are put into communi- 
cation. The pressure of the steam due to its expansive action pushes 
the piston forward and forces out the cushion steam on the other side 
through the exhaust. The movement of the piston rotates the crank 
shaft whereby the motion is also communicated through an eccentric > 
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disc to the slide valye which moves opposite to the piston. The slide 
valve then covers up the lower port and the exhaust by the time the 
piston reaches the forward end. The steam now enters through the 
upper port and the same action as in the previous stroke occurs but 
the motions are all reversed. These two strokes, forward and back- 
ward, form a cycle of operations which is repeated successively. 
The toand-fro motion of the piston is transformed into a rotatory 
motion of the shaft by means of the crank. Twice during each revolu- 
tion of the shaft, the crank and the connecting rod come into the same 
straight line, when there is no turning effect on the shaft. This 
positions are called the dead-centres or dead points. Again, at two 
positions during each revolution, the crank is at right ang'es to the 
connecting rod when the turning effect is maximum. The heavy 
fly-wheel carries the shaft through the dead-centre positions and 
smoothens out the variation of speed owing to defferent turning effects 
during a cycle of operations. The change of speed due to change of 
load on the engine is regulated by fhe governor which is also driven 
by the main shaft. Its balls rise or fall as speed increases or decreases. 
This rise or fall of the balls operates a sleeve which communicates 
with a throttle-valve and accordingly the steam-supply is reduced or 
increased so as to keep the rated speed constant. 


Condensing and Non-condensiug Engines.— Tho engine in which 
the steam passing through the exhaust-pipe escapes into the atmos- 
phere is called a non-condensing engine; and the engine in which 
the exhaust steam is led into a vessel, called a condenser, where it is 
condensed at alow temperature and pressure into water again, is 
called a condensing engine. When the steam exhausts into such a 
condenser where the pressure is kept low (which usually is not more 
than a pound per square inch), the back pressure against that end of 
the piston which is open to the atmosphere is reduced from about 
15 lbs. to 1 lb. and in that case the effective pressure, which the steam 
on the other side of the piston can exert, is increased. The condensed 
water (condensate) is again used in the boiler to raise steam. 


Single and Double-acting Engines.—The engine, we have already 
considered is a double-acting one, as here the steam pressure 
acts on the two sides of the piston alternately. In a single-acting 
engine, steam pressure acts on one side and the atmospheric pressure 
acts on the other side of the piston. The power developed in latter 
engines is half of that in a double-acting engine of the same size. 
Excepting in very small engines, single-acting engines are now-a-days 
seldom used. 


166. The Internal Combustion Engine :—'The general arrange- 
ment of the cylinder and piston in the case of an internal combus- 
tion engine is almost the same as in the steam engine, but whereas in 
the steam engine the piston moves by the force of expanding steam, 
jn the internal combustion engine the movement of the piston is pro- 
duced by the explosive force generated by the combustion of a fuel 
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supplied in the vapour form mixed with air. The fuel used is either 
a gas—such as coal-gas, town-gas, etc. or a liquid such as petrol, 
benzene, alcohol, etc. which are readily vaporised, ora heavy oil, like 
Diesel oil, otc. and every one of these, when vaporised, forms an 
explosive mixture with air. 

A gun firing a bullet is an exemple of a simple internal combus- 
tion engine. Here the spark produced by striking the trigger against 
the cap explodes the powder and conyerts if into hot gases which 
driye the bullet forward with a great force. 

Principle of Action.— Internal combustion engines are generally 
four-stroke engines, i.e. they require four strokes of the piston to 
complete a cycle of operations within the cylinder. - There are also 

two-stroke engines. 

The four-stroke cycle is simple and is of proved economy and is 
‘generally used in stationary engines of small and medium power. lt 
is also nob unoften used for stationary engines of large power. A 
two-stroke cycle engine has advantages of lighter weight and smaller 
space requirements and are, therefore, almost always preferred for 
marine purposes. 

The engines commonly 
used in motor-cars, aero- 
planes, etc, are all four- 
stroke engines working on 
the Otto-cycle. The opera- 
tions of a four-stroke internal 
combustion engine of the 
Otto-type may be explained 
as follows (Fig. 90). 

THE OTTO-CYCLE 

(1) First-Streke (Charg- 
ing Stroke)—The piston 
moves outwards and draws 
into the cylinder an explo- 
sive mixture of air and gase- 
ous fuel through the inlet 
valve Æ whieh then opens 
up. 

(2) Second Stroke (Com- 
pression Stroke).—The pis- 
ton makes its return stroke 

Fig, 90—Four-stroke Otto-cycle. i. e. moves inwards and com- 

: presses the explosive mix- 
ture, the valves (admission valve Æ and exhaust valve D) being closed. 

(3) Third Stroke (Working Siroke)—At the beginning of this 
stroke, the mixture is ignited by electric spark and explosion occurs 
whereby the contents rise in pressure and temperature almost at» 
constant volume. The piston is driven outwards by the expansive 


Senet” 
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action of the gases, all the valves being closed and energy is commu- 
nicated to the fly-wheel enabling the engine to do work. 


Fourth Stroke (Exhaust Stroke)—The piston moves inwards 
andthe spent gases are forced 
out of the cylinder through SPARKING = wh COMBUSTION 
the exhaust valve D which is Luss — i, 2 // CHAMBER 
then opened. a 

In the -above sequence 
of operations, which is called 
a cycle, the engine is fired «er PIPE 
only once and work is “also 
done in one stroke in the 6 
course of two forward and d 
two backward strokes of the ri atlas 
piston, For this reason, an 
engine working on this plan is 
called a four-stroke engine. In 
a two-stroke cycle engine, the 
operations of charging, com- 
pressing, working and exhaust 
are all done in two strokes of 
the piston. Therefore, for the 
same“ engine speed, a two- 
stroke cycle engine doss twice 
as much work as a four-stroke Fig. 91—The Petrol Engino, 
eycle engine does, i 


167. Internal Combustion Engines of different types :— 


E EXHAUST: 
PIPE «5# j 


(a) The Petrol Engine.—There is no difference in principle be- 
between a petrol engine and any gas engine ; the former is only more 
compact and light. The petrol engines are commonly used in motor- 
cars and aeroplanes. 


In Fig. 91 is shown the diagram ofa petrol engine where there is _ 
a piston working in the cylinder P as in a steam engine. Above the 
cylinder there isa chamber, called the combustion chamber, where 
the mixture of air and petrol vapour is ignited by means of electric 
sparking plugs fitted into the chamber. The entry of the charge 
(carburetted explosive mixture) into the chamber by the inlet 
pipe and exit of burnt gases by the emhaust pipe are controlled 
by two valves (V, and Ve) of mushroom type held down on their 
seats by springs and lifted at proper moments by the action of cams. 
C, and Cz, fixed on a halfspeed rotating shaft driven by the engine 
itself. The cylinder is water-jacketted in order to prevent the tem- — 
perature from rising too much, usually not greater than about 180°F. 


The explosive mixture of petrol vapour with correct’ proportion 
of air is formed in an arrangement known as the carburettor, and 
the air so charged with petrol vapour is said to be carburetted. 
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The power to the sparking plugs for the ignition of the charge 
is supplied by a magneto which is a magneto-electric machinery 
driven by the engine itself. 


A petrol engine, as ina motor-car or aeroplane, is provided with 
a bank of cylinders, usually a multiple of two. The pistons of all the 
cylinders contribute their efforts to the same main shaft through 
their individual cranks which are fitted on the main shaft at equal 
angular spacings and the total power developed is the sum of the 
powers developed in the different cylinders. 


(b) The Gas Engine.— A Gas Engine employing about one part 
by volume of coal gas and eight parts of air works like a petrol engine 
and is driven by properly-timed explosions of the mixture of gas and 
air ocouring within the cylinder. The ignition of the explosive mixture 
is effected by contact with the hot walls of a metal tubo or by means 

af. dlectric spark. 


A Gas Engine and a Steam Engine Compared.— Though the 
fuel used in a gas engine is comparatively expensive, still a gas engine 
is better for the following reasons :—(a) its efficiency is much higher 
than that of a steam engine; (b) it occupies smaller space and it is 
more free from smoke. 


(c) The Oil Engine—In an Oil Engine, the oil which is used 
as fuel is supplied in the form of spray into a vaporiser tube—a red-hot 
metal tube, and at the same time air is also admitted there. The 
oil is converted into vapour, and the mixture of vapour and hot air 
explodes either with or without the help ofspark. Hot gases are 
Produced in a small space due to which the pressure and temperature 
becomes high, and so the piston is driven with a considerable force. 


Ina Diesel Oil Engine, so named after the inventor, the cycle 
of operations works in the following way :— 


At the first stroke only air is sucked in at a pressure less than the 
atmospheric pressure, and at the second stroke, the air is very strongly 
compressed, keeping all the valves closed, so that much heat is 
developed within the cylinder. At the beginning of the third stroke, 
oil is injected at very high pressure into the cylinder whereby it 
vaporises, which coming in contact with the intensely heated air of 
the cylinder takes fire spontaneously almost at constant pressure. 
After this, the volume expinds and work is done. During the fourth 
stroke, the exhaust opens and the burnt gases escape, 


A Diesel Engine has only air in the cylinder during compression 
and so the compression pressure may be raised as high as necessary 
consistent with the stoutness of the engine without any change of 
pre-ignition and thereby the efficiency may be increased. The Otto 
Engine, of course, is inherently more efficient. 

(d) Aero-engines.— These are also internal combustion engines. 
An aero-engine should be as light as possible and in this respect it 
differs from other I. O. engines. The weight-reduction has been today 


> 


m 
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carried to such an extent that a modern engine of this class has 
a weight of even less than one pound per horse-power, whereas in 
other types of engines approximately a weight of 10 lbs. per horse- 
Power is considered necessary. Besides its low weight -ib has the 
advantage that it produces its power from the minimum quantity of 
fuel. Aero-engines are all four-stroke Otto engines. 


168. Thermal Efficiency of an Engine :— 


Heat converted into work 
Heat taken in ' g 


The heat converted into work can be known from the horse-power 
developed by the engine and the heat taken in can be determined, 
(a) in the case of the steam engine from the quantity of steam used 
and the initial and final conditions of the steam, and (b) in the case of 


an internal combustion engine, from the quantity of fuel consumed and 
the calorific value of the fuel. 


Thermal efficiency = 


The thermal efficiency of a reciprocating steam engine is nob even 
more than 20%; that of an ordinary locomotive is seldom greater 
than 10%. An internal combustion engine has a thermal efficiency of 
about 80%. 


Indicated Horse-power (1.H.P.).—It is the actual power deve- 
loped in the engine cylinder by the steam in the case of a steam engine, 
by the combustion ofa gasin a gas engine, and by the combustion 
of the liquid fuel in an oil or petrol engine. It depends on the 
following : (1) the mean effective pressure on the engine piston during 
the stroke (pm), (2) the cross-sectional area of the piston (A), (8) the 
Jength of stroke of the piston (Z), and (4) the number of working 
strokes per minute (N). For a single cylinder engine, 


LELP. = P2LAN. | whore Pm is in lbs./in.?, Lin feet, A in sq. 


inches and N depends on whether the engine is single or double-acting 
and also on whether it is a two-stroke or four-stroke cycle engine. 
The horse-power so obtained is called the indicated horse-power, 
because it is indicated by the action of the working substance in the 
cylinder and determined from the mean effective pressure of the 
working substance on the piston, which is usually found by means of 
an instrument known as the indicator. 


[N.B.—In the case of the steam engine, for each revolution of 
the main shaft of the engine, which produces two strokes of the piston 
—one forward and the next backward, there are two working strokes 
when the steam is double-acting. Therefore, for a double-acting 
steam engine N= 2X Revolutions Per Minute. (R.P.M.) of the engine, 
while for a single-acting steam engine (which is rare) N= R.P.M. of 
the engine. 
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In the case of infernal combustion engines (which are almost 
always single-acting), N=-R.P.M., when it is a two-stroke cycle 


RPM. 
2 


onging, and N= when it is a four-stroke cycle engine. 

Brake Horse-power (B.H.P.).—All the power developed within 
an engine cylinder as represented by its IJ.H.P.is not available for 
useful purposes, for a part of it is used up by way of mechanical losses 
in the driving of the engine itself. Sotho effective horse-power, which 
remains ayailable for driving outside machinery is always less than 
the I.M.P. and is known as the Brake Horse-power of the engine 
and is so named as it is commonly determined by making the engine 
operate with a brako on the fly-wheel, the test being known as a brake 


tost. 
$ $ : B.H.P. è š , 
Mechanical efficiency = HP and it varies according to the 


load on the engine. In modern engines the mechanical efficiency is 
often greater than 80% at full load. 


169. James Prescott Joule (1818—1889) :—An English Physicist 
"born ‘at-Salford near Manchester. 
He had a delicate héalth and 
so he was educated at - home, 
While quite young he felt an 
urge for scientific work as a 
result of his contact with John 
Dalton who was his privato 
tutor. His father had a large 
brewery where he started his 
researches in electricity, At the 
age of twenty-two he discovered 
the law for electric heating. His 
attention then turned ‘to engines. 
He noticed that in all engines 
the mechanical work is obtained 
at the cost of some heat. He 
investigated on the relation 
between the two and discovered 
the equivalence between them, 

James Prescott Joule known now-a-days as the first 
law of Thermodynamics. In his honour the mechanical equivalent 
of heat is expressed by the first letter J of his name, In 1849 he 
experimentally determined J by converting work into heat and found 
it to be a constant; irrespective of the magnitudes of the work. Inven- 
tion of some kinds of electric metres, speed counters, etc. also stand 
to his credit. 


. 170. James Watt (1736—1819) :—A British inventor born at 
Greenock, Scotland. He showed early signs of skill at craftsman- 
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ship and began his life as a mechanic in the University of Glasgow 
at the age of twenty-one, where his skill, versatility and simple nature 
attracted the notice of some of the University Professors of whom 
Prof, Black's name must be mentioned. Pi 

In popular writings it is often found mentioned that tbe expan- 
sive force of steam issuing from of a kettle struck Watt's imagination 
so much that he hit upon a plan for a heat engine from it. Such 
a story seems not to be true for Savery and Newcomen Engines were 
in use for more than seventy-five, years previous to James Watt. It 
js rather said that Newcomen engine belonging to the University 
lying unused for long was placed at his workshop for repairs. Watt, 
had an ‘inquisitive mind and an inventive temperament. He noticed 
that the engine was extremely 
wasteful of fuel. He seriously 
devoted himself to its improve- 
ment and this ultimately gave 
the world the modern steam 
engine. In perfecting his design 
he got the assistance of Mathew 
Boulton, who possessed a first 
class workshop then at Soho 
near Birmingham. The loco- 
motive engines were constructed 
afterwards of Trevithick, , 
Stephenson and others. 


He for the first time used 
the term horse-power for rating 
mechanical work. He found 
that a horse could raise 150 lbs. 
of coal through an effective 
height of 220 ft. in one minute 
on the average, i.e. 33000 ft.- 
lbs. of ‘work per minute is the 
average power of àa horse. Thus 
rate of work he named one horse-power. Watt, which is the electrical 
unit of power and is equivalent to 1/746 H. P., is named after him. 

Examples. (1) An engine consumes 4 lbs. of coal per horse-power per hour, 
The heat developed by combustion of 1 lb. of coal is capable of converting 15 
lbs, of water at 100°C. into steam at 100°C. What percentage of the heat 
produced is wasted. [Latent heat of steam=964'8 B.Th. U. per 1b.) 

Ans. Heat of combustion of 4 lbs, of coal =4 X 15 x964'8 B.Th.U. 

=4 X 15 x964'8 X 778 ft-lbs. 
The work done by the engine per H. P, hour =83000 x 60 ft-lbs. 
for 1 H. P.=33000 ft.-lbs. per minute, .°, The efficiency of the engine 


James Watt 


33000 x60_ SA 
-KISKE XTT =0'043 or 4'3 per cent. That is, 4'3 per cont. of heat 


produced is converted into work. .", 100—4'3=95'7 per cent. heat is wasted. 
(2) What would be horse power of a steam engine which consumes 200 Ibs. of 
coal per hour, assuming that all the heat supplied is turned into useful work 


: 
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(1 lb. of coal gives 12500 B.Th.U. ; J is equivalent to 770 ft.-lbs. per B.Th.U.) 
‘Ans, Amount of heat available per hour = (12500 x 200) B.Th.U. ` 
Equivalent amount of work =12500 x 200 x 770 ft.-lbs. per hour. 
a 
Go Work aha per minato- 200X00 AT py yg, 


. 12500 x 200 x 770 A 
s. Horse-power= 60x 83000 =909°1 (approx.). 
Questions 


l. Explain what is meant by saying that heat is a form of energy. 


$ (Pat. 1926; Dac. 1928, ‘30; C. U. 1941) 

Be, Give an outline of the arguments which led to the “conclusion that heat 

orm of energy. (cf. C. U. 1937; All. 1918, "32; cf. Bihar, 1965) 

3, Explain why does a falling body become hotter when it strikes the 

ground. (Dac. 1927) 
4. Explain why does a bicycle pump get heated when the tyre is pumped. 

(Dac. 1932) 


5. Describe experiments to establish the connection between heat and work 
and deduce from them the idea of mechanical equivalent of heat. 

(R. U. 1941; Dac. 1927, "41; Pat. 1930, '42) 

6. State the First Law of Thermodynamics, What experiments would you 
perform to demonstrate the truth of the Law? (Pat. 1932, °42) 

7. A mass weighing 2000 grammes falls from a height of 300 cms. If all 
the energy is converted into heat, find the amount of heat developed (Mechanical 
equivalent of heat=42x 107). (C. U. 1920) 

[Ans. 14 calories) 

8. What experiment would you perform to establish accurately the equi- 
valence between work and heat ? (Utkal, 1950) 

9, Define mechanical equivalent of heat. Describe a method of finding it 
experimentally, (G. U. 1951, ‘53; Dac. 1927; Nagpur, 1954; C. U. '47, ‘49, 
"0; U. P. B. 1948; Pat. 1942, ‘44, '52; Del. 1942, ‘51; R. U. 1946, '49 ; 
Del. H. $. 1951) 

10. What is meant by the ‘mechanical equivalent of heat’? Write down 
its value, and describe a method of determining it. (C. U. 1949) 

11. How long will it take for an electrical heating rod of 420 watts to heat 
100 c.c. of water by 10°C., if no heat is lost? (J=42x107 ergs/calorie) 

[Ans. 10 secs.] (Benares, 1953) 

12. Mention clearly the units in which the mechanical equivalent of heat 
is measured. (C. U. 1939, "41; Pat. 1930) 

13. Calculate the difference in temperature of the water at the top and 
at the bottom of a waterfall where the height is 200 metres. (Bihar, 1956) 

[Ans. 0°467°C.} 

14. An engine of one horse-power is used in boring a block of iron of mass 
1000 Ibs. Assuming the whole of the work done by the engine is used up in 
heating the mass of iron, calculate approximately the rise in temperature of the 
iron after the engine has been working for 20 minutes. (The number of units 
of work required to raise the temperature of | Ib. of water 1°F=772 ft. lbs. 
The sp. heat of iron=0'l ; 1 horse-power=550 ft. lbs, per sec.) (C. U. 1906) 

Jans. 8°55°F] 

15. (a) Calculate the work done by a gas in expanding against uniform 
pressare. 
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(b) A ball of iron has its temperature raised through 06°C, through a fall 
of 25 metres. Calculate the value of J. (All, 1918) 

[Ans. 409x107 ergs. per cal.) 

16. How much work jis done in supplying heat necessary to convert 40 
gms. of ice at—10°C, into steam at 100°C. ? Sp. heat of ice=0'5. (U, P, B. 1948) 
[Ans. 12x 1012 ergs] 

17. Describe how the mechanical equivalent of heat is determined by the 
frictional cones method. (R. U. 1951) 
18. Calculate the difference in temperatures between the water at the top 
and that at the bottom of a waterfall which is 50 metres high, given J=42 x107 
ergs/calorie, (G. U. 1953) 
Ans. 012°C.) 

19. Describe Joule’s method for determining the mechanical equivalent 
of heat. (Del, U. 1939) 
20. A tube 6 ft, long containing a little mercury, and closed at both ends, is 
rapidly inverted fifty times. What is the maximum rise in temperature that can 
be expected? (Sp. ht. of mercury = sai l B. Th, U. is equivalent to 778 ft. tbs.) 
Ans, 18'88°F.] 3 

21. In an experiment to determine J, 800 gms. of lead shot were placed in 
a long cardboard tube held vertically, the length of which was such that on 
reversing the tube, the shots fell through 100 cms. The original temperature 
of the shots was 25°C. and after 50 inversions of the tube the temperature was 
found to have risen to 28'84°C. Find the value of J in ergs-calorie (sp. heat 
of lead =0'031) (C. U. 1950) 

[Ans. 412x107 ergs/calorie]. 

22. A block of ice is dropped into a well of water, both fte and water 
being at 0°C. From what height must the ice fall in order that one fifteenth! 
cf it may be melted ? 

[Ans, 2285°7 metres approx.] 

23, Two balls of equal weight, one of India-rubber, and the other of soft 
clay, are dropped on to a hard floor from the same height. Which would 
develop the greater amount of heat by impact on the floor ? 

[Hints.—Though K. E. of both on reaching the floor would be the same, 
the amount of heat developed by soft clay would be greater as it would remain 
on the floor when the energy would be converted into heat. The rubber ball 
would at once rebound and so a large amount of its K.E. would be used up in 
overcoming g when going up.) 

24. From what height would a piece of ice at—10°C. have to fall so that 


the energy to bring it to rest would generate enough heat to melt just one-tenth . 
part of it, Given sp. heat of ice=05, (G. U. 1954, '55) ğ 


[Ans. 5571 metres approx.) 

25. Calculate the velocity of a lead bullet on striking an unyielding target, 
if the temperature rises 200°C. and the whole of the heat generated by the 
impact remains in the lead. (Sp. ht. of lead is 0:03). (C. U. 1987, "41, '44) 

[Ans. 2245x105 cms. per sec.] 

26. Explain why it is that while the value of the latent heat of water is 
less when expressed in terms of the centigrade scale, than when expressed in 
terms of the Fahrenheit scale, just the opposite holds in the case of numerical 


values of the mechanical equivalent of heat. (C. U. 1937) 
27. Describe a laboratory method of determining the mechanical equiva- 
lent of heat. (R. U. 1946, 748) 


28. If the two specific heats of gases Cp and Gy are respectively 0:2375 
and 01690 calories, calculate the value of the mechanical equivalent of heat. 1 c.c. 


> i = 
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of dry air at N. T.P, weighs 000129 gm. and the value of atmospheric pressure 
1013x106 dynes per sq. cm.) (R. U. 1944) 
[Ans. 419x107 ergs per calorie.] 
40. Specific heat of argon at constant pressure is 0'125 calorie/gm. and at 
constant volume 0'075 calorie/gm. Calculate the density of argon at N.T.P. ~ 
(J=418%x 107 ergs/calorie ; normal pressure=1'01x 108 dynes/cm?.) 


láns. 18x10-* gm./c.c.] (Rajputana, 1949) 

30. Explain how ference of sp. heats of a gas enables you to evaluate 
the mechanical cia (Rajputana, 1949; U. P. B. 1952) 
_ 31. Describe the prindiple and action of a steam engine giving a sectional 
diagram, 


(Vis) U. 1954; Del. U. 1932; East Punjab, 1952; Pat, 1954; C. U, 1947 ; 
Dac. 1930, “41; U. P. B. 1941, '50, '55). 

32, Describe with a neat diagram any form of a modern petrol engine. 
How does it act? 
PB, 1954; East Punjab, 1953; C: U. 1948, "53; G: U. 1950, '52) 
C $8. What is the essential difference between a steam engine and an oil 
post (R. U. 1955; cf. East Punjab, 1950; C. U. 1948) 
Sh A petrol engine uses every hour 1 lb. of petrol which produces 22000 
P h.U. of heat, and has an efficiency of 30 per cent. What is its H. P. ? 


p (G. U. 1950) 
AE; 33000 ft.-lbs. per min. and 1 B.Th.U.=778 ft.-Ibs.) 
93 H.P.] 
35. Write a note on ‘petrol Engines’. (cf. Dac. 1942; U. P. B. 1947) 
scribe the essential parts of any heat engine, and describe its 
working during a complete cycle. (C. U. 1951) 


$7. A gas engine having an overall efficiency of 20%, burns 1500 cu. ft. of 
gas per hour. If the calorific value of the fuel is 800, B.Th.U./cu. ft. find the 
H.P. of the engine. 

[Ans. 94] 

48. A motor car uses pertol whose calorific value is 11x104 B.Th.U. per 
gallon. The car covers on average 20 miles to the gallon running at 24 miles 
per hour during which the average output is 10 H.P, mee overall efficiency 
of this car. g 

[Ans. 193%] 
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“PART III 


“aR SOUND 


CHAPTER I 
Hl PRODUCTION AND TRaNsmissiggjar SOUND 


bi 


1, Definition of Sound :—Sound is a kind of sensation received 
» by means of the ears and carried to the brain which is responsible 
for the perception. The external cause which produces such sensation 
is a form of energy. 
Acoustics js that branch of Physics which deals with the study of 
the nature and propagation of sound. 
l(a). Sound is produced by the vibratory motion of a 
material body :— 


Whenever any sound is produced, on 
tracing its origin it will be found that it is 
due to the vibratory movement of a material 
body. The vibrations may in some cases 
be too rapid to be seen by our nacked eyes 
but we can feel their existence by touching 
the source. When air is blown through a 
whistle, a nail is struck by a hammer, or 
ammunition explodes in a gun, we have 
instances where sounds are produced by 
matter in motion. 


ae 


Expt.— When we strike a metal vessel pene Po 
with a piece of matter we hear a sound, and c= 
the indistinctness of the outline of the Pig. 
vessel shows that it is vibrating. By j 
touching the body tho vibrations are stopped, and sound also is stopped 
at the same’time, 

Pour water in a wide-mouthed thin-walled glass- 
tumbler until it is almost full and keep a pith-ball suspended 
> ~ bya fine thread in touch with the rim of the vessel (Fig. 1). 
On bowing the edge of tho tumbler with a violin bow, 
ripples will be produced in the water, and the pith-ball 
will be observed to jump forward by receiving a series of 
shocks from the rim on coming in contact with it, prov- 

ing that the vessel is in a state of vibration, 


1b). A Tuning-Fork.—It isa U-shaped steel bar 
provided with a handle at tke bend of the U (Fig. 2) and 


Fig.9— is made to vibrate by striking one of its prongs on the knee — 
Tuning- orona hard cushion. Its special quality is that it pro- 
fork duces a sound of single frequency. 
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Ifa sounding tuning-fork is brought into contact with a pith-ball 
suspended by a thread, the pith-ball will be thrown into vibration, 


On examining the string of a sounding violin it will be found to 
have a blurred outline due to its to-and-fro vibratory motion, which 
can be detected by placing a V-shaped paper rider on the string. 


Thus a body must be made to vibrate in order to emit a sound, 
but, even when it is vibrating, the sound cannot be received or heard 
unless the mechanism of the ear also vibrates. We receive sound by 
the vibrations of a membrane in the ear, called the eardrum, and 


these vibrations are transmitted to the brain and interpreted as 
sound. 


Tt should, however, be noted that the rate of vibration must lie 

_ within a limited range in order to produce an audible sound. If the 

tate falls below about 3) per second, or goes above 30,000 per second, 

the sound becomes inaudiable. The above limits are only rough values, 
‘and may vary from one person to another. 


2. Propagation of Sound (a material medium necessary) :— 
In order that sound may be heard, the disturbance from the source 
must be carried to the ear through a space. This space is spoken of 
as the medium. Air is the usual medium through which sound 
travels, but it can also pass through any other material medium 
provided it is elastic and continuous. Thus an observer placing his 
ear against a continuous ironrail can hear distinctly even slight taps, 
given on the metal, several hundred yards away. The ticking sound 
ofa watch placed at one end of a table is heard clearly by applying 
the ear to the other end of it. Again a diver inside water distinctly 
hears any sound produced in the water. Sound cannot, however travel 
through a vacuum and in this respect, it differs from light which can 


easily pass through a vacuum, 
Sound requires a material 
medium for its propagation. 


That sound requires a 
material medium for its pro- 
pagation and cannot travel 
through a vacuum may be 
demonstrated by the following 
experiment :— 


Expt.— An electric bell 
(Fig. 3) is placed inside the 
receiver of an air-pump and 

Fig. 3 worked by a cell placed out- 
side the jar. The bell is suspended inside the receiver by means of 
a hook passing through a rubber stopper fitted tightly into the neck. 
The sound of the bell is distinctly heard as long as there is air inside 
the receiver; if theair is gradually pumped out, the sound grows 


PRODUCTION AND TRANSMISSION OF SOUND 529 


fainter and fainter and finally becomes quite inaudible. On re-admission 
of air, the loudness of the sound increases again. 


It must also be noted that for the propagation of sound, not only 
the medium must be a material one but also it should be elastic and 
continuous. Inelastic substances are not able to transmit sound 
toa great distance as the energy is dissipated very quickly. Again, 
non-continuous substances, such as saw-dust, felt, etc. are bad conductors 
of sound. i 


3. Essential Requirements for Propagation of Sound :— (i) 
A vibrating source to emit sound; (ii) A medium to transmit the sound ; 
the medium must be material, elastic and continuous ; (iti) A receiver 
capable of vibration to receive the sound. 


4. Propagation of Sound :—TLet us examine the method by 
which sound is actually propagated through air. Suppose a body is 
struck. As a result of this, every particle constituting the body 
begins to vibrate—that is, fo move to-and-fro to a nearly equal distance 
on both sides of its mean position of rest. During this state of 
vibration, each of the extreme particles of the vibrating body in con- 
tact with air, at the time of moving to-and-fro between its extreme 
positions, strikes the line of air-particles in contact with it, and starts 
them moving to-and-fro. These air-particles in their turn strike the 
particles beyond them, and set up similar vibrations in them, and this 
foes on from particle to particle. In this wayachain of vibrations 
is set up from the sounding body; each particle on the way begins to 
vibrate when it is struck by its neighbour, and in its turn strikes: its 
next neighbour, until the vibrations reich the membrane of the ear of 
the listener. The motion of the membrane is communicated to the 
brain by the mechanism of the ear and perception of the sound is 
caused. 


Mechanism of Propagation.—Suppose a tuning-fork is vibrating 
in air. Letbbe the position of one prong of it when at rest, and ê 
and a, the two extreme positions of it on either side b (Fig. 4) when 
it is vibrating. P 

The time taken by the prong to move from one extreme position 
to the other and back again tothe first position, i.e. from a toc and 
back, is called the period of vibration. 

Let us imagine that the airin front co *>e=fork is divided into 
layers of equal thickness. Fig. 4(i) depicts fi d n front of the 
undisturbed position b of the right-hand prong of. ork. 

Now, as the prong moves from æ towards c, it presses the air- 
particles in front of it, which in turn press the particles next to them, 
and this pressure is passed on to the successive layers of the 
medium. So, considering the effect of the movement of the prong 
upon a column ofairon the right-hand side, it will be seen that by 


the time the prong reaches c, the air-particles between A and some 


point CO’ [Fig. 4(ci)] will be compressed, and a pulse of compression 
Vol. I—84 
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will move forward (with the velocity of sound), During the return 
moyement when the prong moves back from ¢ toa, it tends to leave 


}<——-Compress ion —>} 


A KN c" 


t«—Rarefaction—>K— Compression —> 


Fig. 4—Propagation of Sound-waves, 


a partial vacuum behind it, due to which the layer in contact, 
being relieved of pressure, expands on the side of the prong and the 
pressure is consequently diminished. Tach succeeding layer acts in 
the same way anda rarefaction pulse is handed on from layer to 
layer, travelling in the forward direction and with the same velocity 
as that of the compression pulse. This goes on up to the time the 
prong takes to reach a. During the time taken by the prong to travel 
from c to. a, the compressed pulse also travelled onwards, and 
occupied a region A'O” [Fig. 4(iii)] equal to AQ’ in [Fig. 4(ii)], which 
is now occupied by the rarefied pulse as given by AA’ [Fig. iw: So 
ina complete period of vibration of the prong, the disturbance travels 
up to O”, one-half of which 4'0”, is occupied bya compressed pulse 
and the other half Ad’ by a rarefied pulse. A compressed pulse 
followed by a rarefied pulse together forms a complete sound-wave. 


The amount of compression or rarefaction is not, however, equal 
‘at all points in the complete waye. The reason is that the energy 
communicated by the prong to the air at any instant depends on the 
velocity of the prong which varies from instant to instant in course 
of period of vibration. The velocity of the prong being maximum at 
the mean position and zero at the extreme positions, the compression 
or the rarefaction is also miximum in the middle and zero at the 
ends of a zone of compression or rarefaction, as shown in (ii) and 
(iti) of Fig. 4 


Ifthe displacements of the pirticles lying along the line of pro- 


Ppagation at any given instant of time be plotted in the ordinate against > 
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their distances as abscissa, the graph assumes the form of a wave. 

The wavelength is the distance covered by one compression pulse and 

a rarefaction pulse together, i. e. the distance through which the dis- 
+ turbance travels in one period of vibration of the source. 


f It is, however, to be noted that each particle in the medium of 
Propagation during a periodic time of its vibration passes through all 
the phases of displacement as depicted in one wavelength in a sound- 
wave ; while if the particles are considered at the same instant of 
time, they only successively differ in phase from one to the next. 


When we say that ‘sound -travels in the form of waves’, it is thus 
not that the sound travels in a wavy path but that if the displacement 
of any particle in the medium is plotted for a periodic time, or the 
displacements of the various particles in the path of propagation 

rs considered at the same instant of time are plotted against their 
distances, the curve obtained assumes a wavy form. 


[3 

b When a body is sounded in a homogeneous medium, alternate 
pulse of compression and rarefaction start out in succession in all 
directions travelling with the same velocity. These pulses are like 
so many spherical shells of equal thickness spreading out with an 

d expanding radius with the passing of time (Fig. 5). They are analo- 

| gous. to the circular waves caused around a stone thrown 

| into a calm sheet of water. Here a series of circular waves 

| having alternate depres- 

sions and elevations are 

| generated. They appear 

i and disappear in succession 

j during a periodic time. The 

depressions are called the 

troughs and the elevations 

the crests. They also spread 

| out with an expanding 

radius till they reach the 

shore. The trough and the Fig. 5—Sound-waves caused by a vibrating Bell. 

crest respectively corres- 

pond to the maximum rarefaction and maximum compression state 

Í of a medium when a sound travels through it. 


The difference between the two cases is thata particle on a sheet 
of water is displaced up and down at right angles to the path of- 
propogation of the disturbance which travels along the surface to- 
wards the shore, whereas a particle in the medium of propagation of 
sound is displaced to-and-fro along the same path in which the sound 
l travels. That is, water-waves are transverse, whereas sound-waves are 

longitudinal (viđe Art. 6). 


> 5. Representation if a Sound-wave — Let a series of dots 
_, [Fig. 6(a)] ‘represent a row of undisturbed Particles of air. When a 


~ 
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sound-wave passes along 

ANH aaa AA erate arava this row, the particles in 
(a) certain portions of the 

$ row will, at a given ins- 

Compression Rarefection, Compression Rerelaction Compress tant, come closer (i. e. 
y 3, compressed), and’ in cer- 
(po tain other portions be 

Fig. 6 drawn apart (i, e. rarefied) 

as represented in Fig. 6(b). 


Questions 


1. Describe experiments which prove that sound is due to vibrations. 
(Pat. 1921, °82, °33) 
2. Explain why a medium is necessary for the propagation of sound and 


‘describe an experiment to proye the statement. (C. U. 1934, "53) 
3. Describe an experiment showing that sound cannot pass through empty 
space. (C. U. 1952) 


4. Describe an experiment showing that air or some other medium is 
necessary for transmission of sound. What practical difficulty arises in such an 
experiment ? 

A metal pointer attached to the prong of a tuning-fork of frequency 256 
makes a wave-trace consisting of 96 complete waves round exactly half the 
circumference of a smoked rotating cylinder. Find the speed of rotation of the 
cylinder in revs. per min. (Bihar, 1954) 

[Ans. 80 revs. per min.] 

5. Explain, as far as you can, the mode of propagation of sound through air. 

(Utkal, 1948; C. U. 1924, '26; cf. Pat. 1931, '89, ’46, ’58; Dac. 1928) 


CHAPTER II 
WAVE-MOTION : SIMPLE HARMONIC MOTION 


6. Wave-motion :—Byery one is familiar with the circular 
waves which are produced when a stone is thrown into still water. 
The waves consisting of a series of crests and troughs travel outwards 
from the centre of disturbance in gradually widening circles. But if 
some pieces of cork, or bits of paper, floating on the water, are care- 
fully watched, it will be found that the floating objects, and therefore, 
the particles of water, are only moving up and down, but they do nob 

* travel outwards with the waves. It should be noted also that they 
rise and fall, not together but in succession, one after the other, show- 
ing that when the waves pass over water each separate particle of the 
medium must perform the same movement, not simultaneously, but 
each one a little later than the one preceding it. {t is the wave-form 
which travels forward, while every particle of the water moves up 
and down about its own mean position of rest. Similarly, when a wave 
crosses a cornfield the tips of the corn-blades are not carried away 
forward ; the form of the wave only moves forward. Tho vibratory > 


ne 
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motion of a series of particles in a medium as referred to above gives 
rise to a wave-motion. " 


(a) Transverse and Longitudinal Waves.— 


In the case of water-waves, the motion of the water particles is at 
right angles to the direction of Propagation of the waves. Such a 
wave is called a transverse wave. 


When a waye-motion passes through a medium in such a way 
that the vibratory motion of the particles of the transmitting medium 
is along the same line as the line of propagation of the sound, it is 
called a longitudinal wave-motion. & 


Sound-waves in air or in any other medium, which comprise 
pulses of compression and rarefaction, are longitudinal while radiant 
waves in ether, such as heat-waves and light-waves, are transverse. 
The electric waves used in wireless telegraphy and telephony are also 
instances of transverse waye-motion. 

N.B It should be noted that gases can transmit only longitudinal types of 
wavemotion, because there being very little cohesion between the molecules of a 
gas, transverse waves cannot be formed at all in gases, but solids and liquids 
can transmit both longitudinal and transverse waves. 


(b) Progressive Waves.— 


The longitudinal sound-waves in air or in any other medium as 
well as the transverse waves like the water-waves, or heat (or light). 
waves are characterised by the fact that a Particular state of motion 
in each case is handed on from one part of the medium to the other 
with the passing of time and the wave-form travels outwards with a 
definite velocity. That is why general name for these waves is 
progressive waves. 


(c) Representation of transverse and longitudinal Waye-motion :— 
In Fig. 7(a) AB represents a row of particles transmitting a transverse 
wave. As the wave passes, each individual 
particle of the medium wil! move up and $ ; $ $ $ $ $ $ $ $ 
down one after another at right angles to 
c 


the line AB (as shown by the double headed (ay 
arrows) along which the wave is propagated. eee E iam 


When a longitudinal waye passes along i 4 
such a row of particles, each particle will Et Hop owe of 
vibrate to-and-fro about a mean position tudinal Wata A 
along the line of propagation CD [Fig. T(b)), } 
and such motion of the particles will take place one after another in- 
Succession. The dot represents the mean position and the two arrows 
‘on either side the to-and-fro motion. 

(d) Demonstration of waye-motions.— 


Gi) Longitudinal Waves.— The propagation of longitudinal waves 
can be conveniently illustrated by a spiral spring suspended hori- 
zontally by threads from two parallel bars AB and A'B’, as shown 
(Fig. 8). On slightly pushing the end A of the spring suddenly forward, 
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the nearest turns are compressed and the compression is seen to move 
forward along the coil with a certain velocity towards the other end, 
each turn moving forward a little when the compression reaches it, 
This represents the state of the layer of air-particles when a waye of 
compression travels through it. Again, if the end A be suddenly pulled 
outwards, the end turns will be separated from each other and this 
State of rarefaction as we call it, will be seen to be travelling along the 
coil to the further end, each turn of the spiral moving backward a little 
when the extension reaches it. This represents the state of rarefaction 
travelling through air. 

Thus, if one end of the coil 
be alternately pushed * forward 
and pulled outwards in a peri- 


LYI odic manner, longitudinal wave- 
NARR RARER R motion of compression and rarefaction 

rY z \ will be seen to travel along the 
Rarefaction Compression Rarefaction spiral with a constant velocity. 
Fig. 8 Each turn of the spring 


! executes a to-and-fro move- 
Ment in the line of propagation of the pu'se, but it is not bodily 
transferred from one position to another. In the same way, at the time 
of propagation of sound through air, the particles of the air only move 
about their mean positions of rest, and are not bodily transferred 
from one place to another. It is the wave-form, or a succession of 
compressed and rarefied pulses, that travels forward. For this 
reason a blast of air i3 never felt to spread outwards even in the case 
of the loud report of a cannon, 


Fig. 9—Demonstration of Transverse Waves. 


Cii) Transverse Waves.— Fig. 9 illustrates a popular model for 
demonstrating transyerse waves. A number of straight and parallel 
rods, each of which carries a small ball at the top, are placed at equal 
spaces apart in the same vertical plane in a stand. Each rod rests 
onan eccentric wheel and passes through a hole provided for it in a 
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cross-piece held horizontally by the stand. All the eccentric wheels 
have a common spindle which can be rotated by a handle. When the 
handle is turned continuously, each ball undergoes a periodic up-and- 
down motion while a waveform travels from one to the next 
onwards from one side of the frame to the other as shown in the 
figure. The motion of each ball being transverse to the line of 
propagation of the wave-form, the waves produced are known as 
transverse waves. 

7. Graphical Representation of a Sound-wave :—In a trans- 
verse wave, the movements of the particle and the line of motion of 
the wave are mutually at right angles to each other and they can be 
represented in the ordinate and abscissa respectively. But in a longi- 
tudinal wave, as in the case of sound, the displacements of the particles 
take place along the path of propagation of the wave and so a similar 
representation, as in the case of a transverse wave, showing the actual 
positions of the displacements along the line of propagation will result 
in tracing out a straight lina along the line of propagation. 

But if the displacements of particles are shown in the ordinate 
against their mean positions in the line of propagation represented as 
abscissa, for the same instant of time, a very valuable graph is obtained, 
which is known as the displacement curve for the longitudinal wave. 
For each particle, ab its mean position of vibration, a perpendicular 
is to be drawn to the line of propagation proportional to its displace- 
ment at the same instant of time. The perpendicular is to be drawn 
above the line of propagation if the particle moves to the right at the 
instant considered and below the line if it moves to the left at that 
instant. The displacement curve traced out in this way reveils all 
the properties, e.g. velocity, acceleration, state of compression or 
rarefaction, ete. of the particles in the medium, 


Fig. 10. 


In Fig. 10(%), a vibrating tuning-fork F (which, it should be noted, 
always emits a simple harmonic type of sound-wave) and a horizontal 
column of air in front transmitting the emitted sound are shown, 
where the points 4, C, Æ indica te layers of maximum compression and 
B, D indicate layers of maximum rarefaction considered at the same 
instant of time. 
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Fig. 10(ii) depicts the conditions of all the’ air-particles in the 
horizontal column above at some instant of time when the longitudinal 
wave emitted by the tuning-fork passed onward, i. e. from the left side 
to the right-side of the figure. That is, A'a Bb C’c represents the 
displacement curve for the wave, where the line A’B’O'D’...gives the 
line of propagation of the wave. 

To determine the actual position of a particle on A’B'C’...draw 
@ Normal to it at the undisplaced position of the particle to meet the 
displacement curve A'a Bb; (1) if the normal is above A’B’'C’..., 
the displacement is towards the right-hand side and if below, the 
displacement is towards the left-hand side; (2) the length of the 
normal is proportional to the displacement ; (3) the slope of the dis- 
‘Placement curve at any point gives the velocity of the particle at the 
actual position of the particle corresponding to the point; (4) the 
tate of change of slope represents the acceleration of the particle. 

Note,—It should be noted that the slope of the displacement curve decreases 
as we pass from A’ to a and at a it is zero. From a it increases again till 
it becomes maximum at B’. But the rate of change of slope increases from A’ 
to a and becomes maximum at a. Then it decreases from a to B’ where id 
is zero. So the velocity of a particle which is proportional to the slope 
decreases from A’ to a’ and is zero at a’. Then it increases again and becomes 
maximum at B’. The acceleration, however, which is proportional to the rate 
of change of slope increases from A’ to a’ and is maximum at a’. Then it 
decreases again as we pass on to B’ and at B’ it is zero. 

Then actual position of a particle whose undisplaced position is, suppose, a’ 
iy given by a”, where a’ a”=a’ a and to the left of a’, for normal is below the 
line of propagation A’B’C’... 

The displacement diagram A’aB’b |., also clearly shows the states of com- 
pression and rarefaction of the medium of propagation. For the particles to the 
Tight of 4’ and C’ are displaced to the left while those to the left of them 
are displaced to the right, as have been shown by the arrows. So d’and CG’ 
are places of maximum compression. The particles to the right of B’ are 
displaced to the right and those to the left of B’ are displaced to the left 
and so B’ is a place of maximum rarefaction. In the immediate neighbourhood 
of a’ the particles on both sides of it are equally displaced to the left, while in 
the neighbourhood of b’ the particles on both sides are equally displaced to 
the right. This shows that a’, b’, etc. are places of normal pressure. 


8. Some Important Terms :— 

Frequency.—The number of complete vibrations made by a 
vibrating body in one second is called the frequency of the vibration. 
Thus, if n denotes the frequency of vibration, and Z’ the periodic time 
of a vibrating body, we have, nT =1 ; or n=1/7. 

Amplitude.—It is the maximum distance to which a vibrating 
body moves from its mean position of rest, i, e. its maximum displace- 
ment during a vibration. In Fig. 83, Part I, BO or BD is the 
amplitude of the oscillating bob of the pendulum. In Fig. 11, FE 
or GH is the amplitude. 

Phase.— The phase of a vibrating particle at any instant is the 
state of the particle in regard to ifs position and direction of motion 
in the path of vibration at that instant. Two particles moving exactly 
im the same way are said to be in the same phase ; that is, particles 
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which are at the same distance from their positions of rest and are 
moving in the same direction, are said to be in the same phase. Thus 
anything by which the direction of motion and displacement of a 
vibrating particle can be specified, will be a measure of its phase at 
that time, 

A water-particle A (Fig. 11)at the highest point of the crest of 
a water-wave is in the same 
phase with the particle B at the 
highest. point of the next crest, 
and no other particle between 
these two positions are in the 
same phase. 


Phase may be expressed in Fig. 11 
three ways: (i) By the fraction of the period that elapses after the 
vibrating body passes through some standard position, say, the mean 
position of rest, in a given direction. 

Thus, in Fig. 83, Part I, the phase of the oscillating bob at O 
in the direction BC is expressed by 37’, at Din the direction BD 
by #7, when B is its mean position of rest. 

(ii) By the angle (as Oin Fig. 12) traced out by the generating 
point with reference to either of the co-ordinate axes (vide Art. 10). 
Thus, the phase of the vibrating particle M is denoted by the angle 
6 (Big 12) traced out by the generating point P rotating along the 
circumference of the circ'e. Again, it will be observed that the 
phases 90° and 450° are the same, while phases 90° and 270° are 
opposite to each other. 

(iii) The difference of phase, of two points ona wave are also 
expressed by their path difference, i.e. by the fraction of a wavelength. 
In Fig. 11, Aand Bare in the same phase, the pith difference being 
one wavelength and A, C are in opposite phases, their difference in 
phase being half the wavelength. y 

Wavelength.—It is the distance through which the waye-motion travels 
in the time taken by tho vibrating body or any of the particles of the 
medium of propagation, to make one complete vibration. It can also 
he defined as the least distance between two particles in the same phase 
of vibration. 

In the case of a transverse wave the wavelength is the distance 
between one crest (or trough) and the next crest (or trough), as AB 
or CD in Fig. 11. In the case of a longitudinal wave itis the length 
occupied by a pulse of compression together with a pulse of rarefaction, 
as AC or BD in Fig. 10. 


Wave-front.—It is defined as the trace drawn through all the 
points on a wave which are exactly inthe same condition as regards 
displacement and direction of motion, i.e. in the same phase, Thus, a 
surface drawn along the crests ofa water-wave isa wave-front and 
also a surface drawn along the troughs would be another waye-front, 
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In a homogeneous medium a wave generated at a point travels 
out in all directions around the point with the same velocity. At 
any instant of time, the wave-motion lies upon the surface of a 
sphere whose centre is the generating point and radius equal to the 
product of the velocity and time. On this sphere the particles are 
all in the same phase of motion. This equal-phase surface is the 
wave-front at the time. Atavery long distance from the source of 
disturbance, the spherical surface, over a limited region, may be 
treated as plane. So the wavefront may be taken as plane, if the 
source of disturbance is at a very long distance. 


Period.—The period of vibration is the time taken by a vibrating 
body to execute one complete vibration. 


9. Velocity of Sound-waves :— It is measured by the distance 
travelled over by a sound-wave in one second. Ifthe Greek letter À 
(pronounced ‘lamda’) denotes the wavelength of ə sound-wave and 
n the frequency of vibration, then in one second there will be n com- 
plete vibrations and for each vibration the wave travels forward 
through a distance À. Therefore the total distance travelled in one 
second=n\. Hence, if V be the velocity of propagation of the wave, 
we have, V= nd. 
distance travelled . xu 1 Be 

fime taken ho Vp pha Top 

Examples. (1) 4 body vibrating with a constant frequency sends waves 
10 cms. long through a medium A and 15 cms. long through another medium 
B. The velocity of the waves in A is 90 cms. per sec. Find the velocity of 
the waves in B. (C. U. 1931) 

Ans. Let V be the velocity of the wave in B. Since velocity= frequency x 
wavelength, we have 90=nx10, where n is the frequency of vibration. 
. n=9 per second. Again, for the medium B, V=nx15 (n being constant 
in both the cases)=9x15=185 cms. per sec, 

(2) If the frequency of a tuning-fork is 400 and the velocity of sound in 
air is 320 metres per second, find how far sound travels when the fork executes 


Otherwise, velocity = 


30 vibrations. (C. U. 1913) 
Ans, In one second the sound travels 320 metres when the fork executes 
400 vibrations. .'. In the time taken by the fork to execute 30 vibrations, the 


sound travels ae x30=24 metres. 

10 Simple Harmonic Motion :—If a motion is repeated at 
regular intervals of time, the motion is said to be periodic, Thus 
the motion of particle, continuously moving round a circle, or an 
ellipse, ina constant time, is said to be periodic and, in this sense, the 
motion of the earth is periodic. 

A vibratory or oscillatory motion is a periodic motion that reverses 
in direction: It has a position of rest at which the reversal in direc- 
tion takes place. The motion of a pendulum is oscillatory. 

The simplest type of vibratory motion is that executed along a 
straight line by a particle moving to-and-fro. If this vibratory linear 
motion be such that the acceleration of the moving particle is always 


’ 
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directed towards a fixed point in its path and is always proportional 
to the displacement of the particle from that fized point, the motion 
is called a Simple Harmonic Motion (also written S.H.M.). 


To understand the nature of a particle executing simple harmonic 
motion, let us imagine a particle P (Fig. 12) moving round a circle 
with uniform speed. The particle P is called the generating point 
and the circle XYX‘Y’ round which it moves is known as the circle 
of reference. 

Let PM be perpendicular dropped from P on any fixed diameter 
XX’ of the circle. Now as P moves once round the circle in the 
direction of the arrow and describes 
a complete revolution, the foot M of 
the perpendicular, PM, moves to-and- 
fro along the diameter XX’ from the 
starting point M upto X, then back to 
X, and then back to the starting 
point M again. 


This toandfro movement of M 
about O along XX’ continues as P 
moves round the circle with uniform 
speed. It can be proved that the acce- 
leration of M is always directed to the mean position O and is propor- 
tional to its displacement measured from O. The motion of M is thus 
a simple harmonic motion. So, if a point moves with constant 
speed along the circumference of a circle, and if a second point 
moves along the fixed diameter of the circle so as always to be 
at the foot of the perpendicular drawn from the first point on 
the said diameter, then the motion of the second point is 
Simple Harmonic. 

[Note. The use of the term harmonic arose on account of the fact that the 
Study of this was first made in connection with the study of musical vibrations. 


ll. Equation of a Simple Harmonic Motion :— Let P be a 
point which is travelling in the direction of the arrow round the circum- 
ference of a circle XX'P of radius OP(=a) with uniform speed, and 
let XOX’ and YOY’ be two diameters of this circle at right angles to 
each other (Fig. 12). Let T be the period, i.e. the time for one complete 
revolution of P, and wœ its angular velocity i.e. the angle through 
which the radius OP revolves in 1 second. Then (vide Art, 36, Part I), 

oT=2r ; or, T=2n/m hs Sue (1) 

As P moves round the circle, the point M, the foot of the perpen- 
dicular drawn from P on XOX’, moves in S.H.M. and the frequency 
of vibration of M is the same as that of the point P. Hence the 
frequency of M, n=1/T. 

Let the time be counted from the instant when M ig passing 


Fig. 12 


” through its mean position O in the Positive direction (i.e. from left 


to right when it is crossing the line YOY’). Lat t be the time which 
has elapsed since M was last at O, ie. the time taken by OP to make 


Py 
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an angle @ with OY. The angle 6 is called the phase of the vibrating 
particle M at that instant. 


Then, gt. We have, OM/OP=cos POM=cos (90°— @)=sin 0 
“. The displacement 2 of P (i.e. OM)=OP sin 9=a sin 6 


=a sin ot=a sin t AA 
=a sin 27nt, where n is the frequency. 


N.B. If time is recorded irom an instant when the generating 
point P is on the left of Y (ie. M is also on the left of O) to such an 
extent that the generating line OP makes an angle 4 with OY, then 
O=ot— a. That is, =a sin (wi). This —4, which is the phase 
at the commencement of time, is called t'ie epoch. The sign of the 
epoch may be positive or negative depending upon the position of 
the particle from which the time is measured, 


The greatest value of sin is unity ; hence the maximum value 
of wis a, which is therefore, the amplitude of vibration. Thus, the 
displacement has a positive maximum value at X when 9=90° and a 
negative maximum value at X' when 6= 270°. 


The displacement of a body executing a S.H.M. is always given 
by an equation like (2). 


12. Velocity and Acceleration in S.H.M. :— 


Velocity.— The velocity of M at any instant along XX' is the 
game as the component of the velocity of P parallel to XX (Fig. 12). 
Let PD be the tangent at P, meating X Xat D. The linear velocity of 
P at any instant is equal to v and is along the tanget PD. The com- 

_ponent of v parallel to XX’, io. in the direction OD =w cos PDO 
= sin POD=v sin (90°— 9) =» cos 6. ake as Teena) 


Thus, the velocity of M is zero at X, where 0=90° (cos 90°=0), 
and also ab X, where 9=270°. Tho velocity is a maximum at 0, 
where 9=0, and cos 9=1 (the maximum value of cos 4), and also 
jt isa maximum in the negative direction where 9=180°; and, after 
a complete swing, when @=360°, the velocity is again a maximum in 
the positive direction. Thus, in one complete oscillation the velo- 
cities of M are zero at the ends of the swing, t.e. at X and X’, and 
macimum when pissing through the origin O. AtO the velocity of 
M is parallel, and so equal, to that of P. 


Acceleration.— The generating point P moving with constant 
speed round O has an acceleration v?/a directed towards O, where a 
js the radius of the circle of reference (Fig 12), The acceleration of 
M is the component of the acceleration of P along OX. Hence the 
direction of the acceleration f of M is towards O and is given by, 


2 s 
f=", cos POM="- sin 6 AN iin (a) 


Anant aoe tera 


> ence of the circle haying O as centre in the direction XY as shown — 
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But because v is the linear velocity of P, which describes the | 
distance 27a in time T, we have 2ra =vT. 


Or, from (1) Bes, a@=a: or, v2= 0%, 


T 
From (4), acceleration f of M= 2a sin 9=@2 x displacement ... (5) 


acceleration of M _ s _ 4x7 


H hts =0? == i. 
ence, IRER EM x =a constant 


Thus, when a particle is describing a S.H.M., the ratio of the 
acceleration to the displacement is constant ; that is, when a particle 
M executes a S.H.M., its acceleration is proportional to its displace- 
ment OM, and is directed towards a fixed point O in the line of 
vibration. 


The acceleration of M depends upon the sine of an angle just as 
displacement. does, and so the maximum and minimum values of 
acceleration occur exactly at times as those of displacement. 


13. Characteristics of Progressive Wave-motion :— 


Regarding the characteristic of wave-motion two points are to be 
noted : (i) It is the disturbance which travels forward and not any 
particle of the medium. 


(ii) The movement of earch neighbouring particles begins a little 
later than that of its predecessor, or, in other words, there is a 
definite difference in phase between two neighbouring particles. 


14. Characteristics of S.H.M, :—(i) The motion is periodic. 
(ii) It is a vibratory (to-and-fro) motion. (iii) The motion takes 
place in a straight line. (cv) The acceleration of the body executing 
a S.E.M. is proportional to its displacement and is directed towards a 
fixed point in the line of vibration. 


15. The Displacement Curve of a S.H.M. :—The displace- 
ment 2 of a particle 
executing a simple har- 
monic motion is given by 
the equation =a sin wt. 
If we plot a curve to 
show the relation bet- 
ween @ and ¢, the curve 
will be a sine-curve. Fig. 
13 represents the dis- Fig. 13. 
placement curve of a i y 
point M starting from O and moving with S.H.M. along YOY’ due to 
the point P moving from X with uniform speed along the cireumfer- 


'i 
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by the arrow. Divide the circumference into any number of equal 
parts, say, eight, and draw straight lines through the points of divi- 
sions P, Y, P’, etc. parallel to XOX’. If AB represents the period 7’, 
divide it into 8 equal parts. The time (7/8) taken by P to move 
through each part of circumference will then be represented by 
each division of AB. Draw ordinates at the points 1, 2, 3, etc. that 
are equal to the displacements OM, OY, ete. In plotting the dis- 
tances, the points below O should be taken as of opposite sign to 
those above O. Now, joining the tops of these ordinate lines, the 
displacement curve is obtained which is identical with the well-known 
sine-curve. 


N.B.—Each particle in the medium transmitting a longitudinal 
sound-wave executes a S.H.M. with time. So the time-displacement 
curve for each particle in the medium will also be a sine-curye. The 
displacement. however, is in the line of propagation of the sound. The 
motion of the succeeding particles lying on the line of propagation 
reckoned at the same instant of time will differ in phase from particle 
to particle. If the displacements of the particles at the same instant 
are plotted in the ordinate against their distances as abscissa (though 
they are in the same straight line), the graph will also be a sine-curve. 


16. xamples of S.H.M. :—The to-and-fro movement of one 
prong of a vibrating tuning-fork, the movement of a point in stretched 
String when the string is plucked sideways, and also the motion of 
the bob of a simple pendulum oscillating with a small amplitude, are 
some familiar examples of Simple Harmonic Motion. 


17. Importance of Simple Harmonic Motion :—The Simple 
Harmonic Motion is of great importance in the study of soundasa 
vibration of this type only gives the sensation of a pure tone. Any 
other kind of vibration gives rise to a compound note which is com- 
posed of two or more simple tones. The importance ofa tuning-fork in 
sound is in its unique property of giving a pure tone when sounded. 
All other known sources of sound give out, when sounded, complex 
notes which contain a number of tones. So when a sound of single 
frequency is required, a suitable funing-fork is used. 


18. Sound is a Wave-motion :—Sound is produced by the 
vibration of a sounding body, and the assumption that it is conveyed 
tothe ear by means of waves, is based on the consideration that 
the characteristics of wave propagation do also apply to the case of 
transmission of sound. 


(1) A wave takes time to travel from one place to another, 
Sound also takes time to travel from one place to another, i. e. it 
has a definite velocity. 


(2) A wave requires a medium to pass through. Sound also 
requires an elastic medium to pass through. 
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The medium as a whole does not move but only allows the sound 
to pass through it. 


(8) Waves are reflected or refracted obeying definite laws. 

Sound is also reflected or refracted according to the same laws. 

(4) Two sets of waves meeting each other ab the same place of a 
medium at the same tima may destroy the effect of each other under 
certain conditions, This is the phenomenon of interference. 


Sound also shows interference, as in the phenomena of beats (vide 
Art, 45), Stationary vibrations (vide Art. 50), ete. 


(5) Sound can bend round an obstacle. Moreover, sounds of 
different acuteness or pitch (vide Art. 54) show this effect by different 
amounts. The phenomenon is known as diffraction. Diffraction is 
Possible owing to the wave character of sound. Since sounds of 
different acuteness have different wavelengths, the amount of diffrac- 
tion caused by them should be different. 


(6) A wave of condensation started from a source has actually 
been photographically detected by B.W. Wood. The reality of 
secondary wavelets, first conceived by Huygens in his wave-theory, has 
been thus proved. i 

(7) The phenomenon of polarisation is shown by transverse 
waves only. Light-waves being transverse show the phenomenon of 
polarisation but the fact that sound-waves fail to show the pheno- 
menon of polarisation prove that the vibration in this case is 
longitudinal and not transverse. 

19. Expression for Progressive Wave-Motion :—Assuming 
the motion of any particle in the case of a progressive wave to be simple 
harmonic, the displacement of the particle at any instant ig given 


by, 


2=a sin (wt - x) 


Qa A , [27v.t 
=q sin( i x) = sin( 2” t- x) =o sin( 220 x) 


where v=velocity of the wave, \= wavelength, T= time-period, <= 

epoch, a =amplitude, and © =angular velocity. The wave lags a phase- 
r r 5 a A 

angle x behind the origin, i.e. a distance r given by, r= an % Since a 

distance 2 corresponds to a phase-angle 2%, where r= distance of the 


F AS + ar 
particle from the origin ; that is, «= ole 


E in( 220 — 227) 
£=a@ 8SN a pi 


=a sio Z(t =r). 
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Questions 


l. Explain, with’ the aid of a diagram, what you understand by ‘wave- 
motion’ and mention its characteristics. How do sound waves differ from light 
waves ? (G. U. 1957; C. U- 1953) 


2. Distinguish between longitudinal and transverse waves. 


C Wel. H. S. 1951, "53; Pat. 1941, “47; And, U. 1950, '51; Vis. U. 1955 ; 
C. U. 1956) 


3. Establish the relation v=n 2 for a wave-motion. 
(And. U. 1951 ; Pat. 1948. '50, '51) 


4. Define ‘amplitude’, ‘frequency’ and ‘wavelength’. What is the relation 
between velocity and wavelength ? 

Compare the wavelengths in air of the sounds given by two tuning forks 
of frequencies 128 and 384 respectively. (C. U. 1950) 


- fAns. 3:1] 
5. State what is meant by transverse and longitudinal waves. 


Define wavelength, frequency and amplitude of a wave. What is the 
relation between wavelength, frequency and velocity of propagation ? 

Mf the frequency of a tuning fork is 560, find how far the sound will 
travel at the instant when the fork just completes 100 vibrations, Velocity of 
sound is 1120 ft./sec, (C. U. 1956) 

[Ans. 200 ft.] 

6. When are two particles said to have the same phase ? 

(C. U. 1910; Pat. 1918) 

7. Describe and explain the terms ‘frequency,’ ‘amplitude, and ‘wayelength’ 
as applied to sound waves in air. What are the differences in sensation per- 
ceived which correspond to differences in these quantities ? (All, 1923) 

8. Describe of the motion of a sounding body. How would you demonstrate 
the nature of this experimentally ? 

(Hints.—lor the first part, see Art. 4. For the second part, see Ch, VI. 
The nature of the motion of the vibration of the body will be represented by 
wave-line on the smoked paper.] 

9. A given tuning fork produces sound waves of wavelength 380 inches. 
It the velocity of the wave is 1100 ft./sec., what is the frequency of the fork ? 

[Ans. 440 per sec.] (Guj. U. 1951) 

10. Sound travels in air with a velocity of 380 metres/sec, at 0°C. What 
are the wavelengths of notes of frequencies 20,000 and 20 per second ? 

[Aus. 1°65 cms. ; 1650 cms.] (Benares, 1950) 

1]. A tuning fork vibrating in air sends waves of length 1006 cms. The 
same tuning fork sends waves of length 882'4 cms. in hydrogen. If the velocity 
of sound waves in air be 332 metres/sec., calculate the velocity of sound in 
hydrogen. (Vis, U. 1955) 

[Ans, 12616 metres/sec.] 

12. Define the angular velocity of a body moving uniformly in a circle. 

Find its periodic time. Show that the foot of the perpendicular drawn from 
the body to a fixed diameter of the circle describes Simple Harmonic Motion 


and hence define such a motion. (C. U. 1933) 
13. Define Simple Harmonic Motion and explain it with reference to any 
familiar example. (C. U. 1921, ’85; Pat. 1941) 


14, Explain Simple Harmonic Motion and state its characteristics. Show 
that the motion of a simple pendulum is simple harmonic. What part does 
S.H.M. play in sound ? (U. P. B. 1943; Nagpur, 1952) 


» 
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15. What are the principal characteristics of a simple harmonic vibration 
as illustrated by the motion of a pendulum? In what respects is the motion 
of a pendulum similar to the vibration of a tuning fork ? 

16. Describe experiments to demonstrate that sound consists of a” waye- 
motion in air. What is the nature of the Wave constituting a sound ? (Pat. 1927) 

17. What reasons are there for believing that sound is conveyed by wave- 
motion ? (Rajputana, 1951; C. U. 1929, °53 ; Dac. 1932, '40; Utkal, 1951) 

18. What are the evidences in support of the view that sound is propagated! 
by means of wave-motion, and that some matter is essential for its propagation ? 

(Pat. 1933, '40; G. U. 1949, '57; C. U. 1953) 

How do sound waves differ from light-waves? (G. U. 1949; C. U. 1958) 

19. What are the main characteristics of wave-motion ? Point out the chief 
resemblances and differences between waves of sound and waves of light. 

(cf. C. U. 1953) 

20. What is the importance of S.H.M. in sound ? Deduce an expression 
for the motion of a particle under $.H.M. 


k CHAPTER III 
VELOCITY OF SOUND 


20. Velocity of Sound in Air :—Numerous examples can be 
cited to show that sound takes an appreciable time to travel from one 
Place to another. Thus, though lightning and thunder are produced 
together, the flash of the lightning is seen much before the report of 
the thunder is heard. When a gun is fired at some distance, the flash 
is seen before the sound is heard ; the puff of steam issuing from the 
whistle of a distant locomotive engine is seen before the sound 
is heard; so also the striking of a cricket ball with the bat ig 
seen before the hearing of the sound. In each of these cases the time- 
interval between seeing and hearing is due to the difference between 
the times taken by light and sound to travel from the source to the 
observer. As light-waves travel almost instantaneously (186,000 miles 
per sec.) the time taken by light can be neglected in the determination 
of the velocity of sound. The velocity of sound in air at 0°C. is 
generally accepted as 332 metres per sec. 


21. Experimental Determination of the Velocity of Sound 
in Air :— 

(a) Open-air method.—Some members of the Paris Academy 
first determined the velocity of sound in open air in 1738. Their 
findings show that the velocity of sound (i) does not depend upon 
any changes of the atmospheric pressure ; (ii) increases with tempera- 
ture and humidity; (iii) increases in the direction of the wind and 
decreases against it. According to the Dutch physicists Moll, Van 
Beck, and others the velocity of sound at 0°0. is 333°26 metres per 
sec. Bravais and Martins determined the velocity of sound along 

ı a slope, the difference of altitude between Faulhorn, the upper station 
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le 
and the Lake of Briez, the lower station, being 2079 metres while 
their distance was 9560 metres. They found velocity corrected to 
0°O. to be 832°387 metres pər sec. During the Arctic expedition of 
Parry and Greely, the experiments were done at very low tempera- 
tures and almost the same result was found. 


Arago did the following experiment in 1829. Two observers were 
stationed on the tops of two hills seyeral miles apart. One of them 
was provided with a gun while the other had an accurate stop-watch, 
The first man fired his gun, the second man started his watch on 
seeing the flash and kept a continuous record of the time until the 
sound of the firing was heard. A large number of observations under 
similar atmospheric conditions were taken and the mean value (¢ secs.) 
of tha recorded times was taken, If æft. is the distance between the 
two stations, the velocity of sound v is given by, 


v=a/t ft. per sec. 


Such determinations are liable to two principal errors, viz. (1) the 


per due to the wind velocity, and (2) the personal equation of the 
observer. 7 


The first error is that the velocity of sound is affected, though 
slightly, by the velocity of the wind, it being greater in the direction 
of the wind and smaller against it. It is- corcected by the method of 
reciprocal observations in which both the observers aro provided with 
a gun as well as a stop-watch. When one fires, the other records the 
time and vice versa. Suppose tı and ta are the mean values of the 
time recorded by the first and second observer respectively. If 
the wind is blowing in the direction of the second station from the 
first at the rate of e ft /sec., 


ey v+ea/ty, and v-e=a/tq, 


ae v= +2) ft. per sec. 
1 2 
Thus the effect of the wiad is eliminated. 


The second error is that every man is apt to delay some fraction 
of a second to start the watch after he actually sees the flash of the 
firing, and this delay-period varies from person to person and is a 
personal factor of the person making the experiment. This error can 
be avoided by making electrical arrangements for the recording of the 
exact moment of the gun-fire at one station and the report of the 
sound at the other. 


Regnault took both of these Precautionary measures in the deter- 
mination of the velocity of sound in open air in 1864 at Versailles. 
He found the volocity graater in the case of sounds having great 
loudness, such- as explosions of bombshell, etc. Sound-ranging 
methods (vide Art, 80) used during the Great War of 1914-18 for the 
location of enemy guns, ete. give the most rəcənt and modern means of 
determining the velocity of sound in open air, 
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(b) Laboratory Method.— 
A By resonance of an air column (vide Chapter VIII). 
č 21. (A) Velocity of Propagation of Sound through Rare 
ases :— 3 
H Kundtť's Tube Method (vide Chapter VITI). 

22. Newton’s Formula for the Velocity of Sound :—Sir 
Isaac Newton was the first to formulate a law that the velocity of 
transmission of a compression or rarefaction wave in an élastic 
medium is equal to the square root of its bulk-elasticity [vide Art, 
216 (ii) Part I] divided by the density, that is, 


Velocity = Bastlolty ; that is, V= E 


where His the modulus of bulk elasticity of the medium, and D, the 
density of the medium. 
= Stress” 


Now, the modulus of bulk-elasticity, Æ pai 


In the case of gases, stress is the change in pressure per unit area 
and strain is the corresponding change in volume produced per unit 
volume [vide Art. 211, Part I]. 


Consider a gas of volume V ce. under a pressure P dynes per 
unit area. Let the pressure be now increased by a very small amount 
p per unit area, “nd. consequently let the volume be decreased by a 
small amount v, the temperature remaining constant. 


Then, the isothermal bulk-elasticity, 


= Stress increase of pressure por unit area 
strain consequent decrease of volume per unit volume 
ps e (1) 
ia ife y PA a SÑ, 


Newton assumed that when sound travels through a gas, the 
change of pressure takes place under isothermal condition, i.e. it 
takes place so slowly that there is no change of temperature of the 
medium. So, we have, according to Boylgs law, 

PV=(P+pY¥V-v)=PV+pV—vP- po. 

Since in the case of sound-waves the changes in pressure and 
volume are very small, p and y are very small, and so the product pv 
is nogligible. 

te DV =9P 5 0r,  pViO= Ped 96 HTP. «+ from (1), 
Thus the isothermal elasticity of a gas is equal to its pressure, ? 
Hence, by Newton's law the velocity V of sound in a gas is 


given by, = 
P 
T-N Fs f 


23. Calculation of the Velocity of Sound in Air at N.T.P. :— 
Normal pressure is the pressure exerted by a column of mercury 
76 cms. in height at 0°C. at the sea-level at 45° latitude, t.e. 
P =76 x 13°596 x 980'6 dynes/cm.® = 1'013 x 10° dynes/cm.* à 
Again density of air at 0°C = 0°001298 em./e.c. 
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i i 76 * 13'596 x 980°6 _ 
Velocity of sound at N.T.P.= fe = 0001293 = 9280 


metres/sec. (approximately). 


But this value of the velocity of sound at 0°O. is not in agree- 
ment with the value obtained by actual experiment, which is 832 


al second. 

4. Laplace’s Correction (Isothermal and Adiabatic Elasti- 
cities) :—Tho calculation of the elasticity of a gas, according to 
Newton, involved Boyle's law according to which changes of pressure 
and volume ofa given mass of gas take place at a constant tempera- 
ture. Newton assumed that the changes in the air taking place in 
wave-motion had no effect on the temperature, i.e. the changes were 
isothermal. About 20 years later Laplace pointed out in 1817 that 
the changes of pressure, when sound-waves travel- through a gas, are 
80 rapid, and the radiating and conducting powers of a gas are so 
poor, that equalisation of temperature is improbable. So Newton's 
assumption that the temperatue remains constant is not correct. 
According to him the changes that take place in a gas when sound 
waves travel through them are adiabatic (vide Art. 65 Part TI), ie. 
no heat enters the gas from outside, or leaves it from inside, That is 
Laplace held that the alternate compressions and rarefactions take 
Place so rapidly that the heat developed in the compressed layer 
remains fully confined to the compressed layer and has no time to be 
dissipated into the entire body of the gas, and similarly the cold 
caused in the rarefied layer cannot be compensated for by flow of 
heat into it from other layers. So Boyle’s law does not apply to 
this case, 


{When sound travels in air, or any other gas, the particles of 
the gas are suddenly compressed at the condensed part of the wave 
and suddenly separated at the rarefied part of the wave. Ifa gas is 
compressed, or allowed to expand, suddenly, its temperature rises or 
falls momentarily, and with the rise or fall of temperature, the gas 
expands or contracts. Now consider the effects of changes of tem- 
Perature on the elasticity ofa gas. During compression the tempera- 
ture of the gas rises owing to which the volume of it tends to increase 
and so a greater increase of pressure is necessary to produce a given 
diminution of volume than what is necessary if the temperature of 
the gas remained constant (i.e. Boyle's law held good) during the 
compression. So the elasticity in the first ease (when temperature 
increases) is greater than that'in the second (when temperature is 
constant), Similarly, during rarefaction the temperature of a gas 


\ ; 
| VELOCITY OF SOUND 549 


falls owing to which the volume of it tends to diminish, and so 
a greater diminution of pressure is necessary to produce a given 
increase in volume than what is necessary if the temperature of 
the gas remained constant. So here also the elasticity is greater than 
that in the isothermal case. Considering the above, Laplace said that 
the value for the elasticity Æ under adiabatic conditions should be 
used in the Newton's formula for the velocity of sound.] 


It is known that the relation between the pressure P and volume 
V of a certain mass of gas under adiabatic conditions is given by 


PV = constant (vide Art. 65, Part IL), 


Saher -0r sp. ht. of the gas at constant pressure | / 
C» sp. ht. of the gas at constant volume 


The value of 7 fora di-atomic gas like oxygen, nitrogen, or air is 
1'41 (for a tri-atomic gas like COs it is 1'83). Now suppose the 
pressure of any particu'ar layer of air is increased adiabatically by a 
small amount p by which the volume is decreased by a small amount 
v ; then, we have, 


PV” =(P+p\(V-0)” = V”(P+p) (1 = ayy 


=v" 2 UMTS Ue. i ] 
V”(P+p) fi rat g (y) tee 
by the Binomial theorem. 


But as (w/V) is very small, higher powers of it are still smaller 
and can be neglected. So we have, 


P=(P+p\(1 2 7) 


Dipti; Po y2? yE? , 2, 
=p y Yy +P, where p=/ vty 


But since p and v are eich small, pv is still smaller and can be 
neglected. 


So the adiabatic elasticity = 2” = YP, (wide Art. 22), 


This shows that the adiabatic elasticity of a gas is y times the 
isothermal elasticity E(= P). 
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Therefore, the formula for the velocity of sound in air with 
Laplace's correction becomes, V= V ie 


Hence the value of the velocity of sound in air 
= Y HIE metres per sec. 


Th x 
=280x V'1'41 = 332'5 metres per sec. 
25. Effect of Pressure, Temperature, and Humidity on the 


NK of Sound in a Gas :— 
1) Effect of Presswre—If temperature remains constant, a 


change of pressure does not affect the velocity of sound through a 
gas, Let Pı and Ps ke the pressures of a given mass of gas, vy and 
ts the volumes, ard D; and Ds the corresponding densities. Temper- 
ature being ecnstant, we have, by Boyle's law, P3v1= Pats ; 


Us Pa, 


But volume varies inversely as density, i, e. ra 
1 2 


because va Ds =v; D, = mass =a constant. 


Pi Di. Pr Pa _ 
Hence Pa D, % TSS constant. 


Therefore, in the formula, V= af THe, the fraction = remains 


unchanged. Hence, the velocity of sound in a gas is independent of 
any ghange of pressure when temperature remains constant, — —— 


at TAA 

(II) Effect of Temperature—Wih wr ige of temperature, there 

is a change of density and so the velocity of sound should be different. 

Let D, and Ds be the densities of a gas at 0°C. and £C. respectively. 
Now by Charles’ law, 


Do= D1 +t), 
where *=coeff. of cubical expansion of the gas = z 
Dot. LAEE 
That is, 571 +5737 273 : a a 


Let Ve and V: be the velocities of sound in the gas at 0°C. and 
#°C, respectively and let the pressure of the gas have the same value P, 
So we have, 


~, /L4iP -y Hie. 
Vo De , and V; D 


| 
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~ Vel [Do Jami fT 
aaa Deo 273 Th from (1) ae ve. CD) 


when | T and T, are the absolute temperatures corresponding to i°C. 
and 0°O. respectively. 


|| Therefore, the velocity’ of sound in -a gas is directly proportional 


(léo the square root of its absolute temperature. So the velocity of sound 


in a gas inereases with the riso of temperature, 
We have, from eqn. (2) above, 
= Ly \b ( CRETE ) i 
Vi r| a) Vo L+3%* 579 Xt), neglecting the terms 
containing ¢* and higher powers of t. 
In the case of air, Vo= 332 metres per second 
F 1 
ar = 882 rori 
Vi= 33 ( 1T 546 ) metres per second 
= (832 + 0°612) metres per second. 


Hence, for each centigrade degree rise in temperature, the velo- | 
ž 


city of sound in air increases by about O61 metre or 61 cms., id. about 
“Bit. per second. 

HI) Effect of Humidity.—The density of water vapour is less 
than the density of dry air at ordinary temperatures in the ratio of 
0'62 : 1. Therefore, the presence of water-vapour in the air lowers the 
density of air and so increases the yelocity of sound in it. Hence, for 


| a given temperature, the velocity o indamp air is greater than 
seks Pls ie 


that in dry air. 
aE IE 
Correction for the Presence of Moisture in the observed 


Value of the Velocity of Sound in Air.— 


If Vm = velocity in moist air at pressure P’ mm. and temperature PO., 
Va=velocity in dry air at pressure 760 mm. and temperature ¢ C., 
Dm=density of moist air at pressure P mm. and temperature PO, 
Da=donsity of dry air at pressure 760 mm. and temperature t 0., 

/ YP /7 x60 

=4/!P y= Jo 160) 

then, Vn =V Dar ve Da 

Now, if f=saturation pressure of water-vapour at tC., we have 

Dm= weight of 1 c.c. of moist air at pressure P mm. and temperature 

¢C=wt. of 1 c.c. of dryair at pressure (P—f) mm. and temperature 

?C.+ wt. of 1 c.e. of moisture at pressure f mm. and temperature t0, 


(Dalton’s law). 

We know that the mass of 1 c.c. of water-vapour =0'622 X mass 
cf 1 c.c. of dry air. 

Now, because the density of a gas at a constant temperature 


» varies directly as its pressure, we have, 
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Dn=E- x Da+0'62ax Lx Di- Pip -4+0622x/) 


= T60 760 
= 2ip-o ; 
3 = 760P 70878) .. iss | (1) 
s Ya [160% Dm 7 P=0818f- f Gnana 
A pa V ee eV EONS 4/1 osteh. 


2 Vis te 12 0978 £. 


Ha The Velocity of Sound in Different Gases : 


We know that 


the velocity of sound in air, Va = RES „where Da is the density 
a 


of air and Va the velocity of sound in it.’ Under similar conditions 
of pressure and temperature, the velocity in another di-atomic gas (for 
which the value of 7 is the same), say hydrogen, 


PEBUNE MAT LR 
Ye Nee A Da 
| Bo the velocity of sound in a gas is inversely proportional to the square 
root of its density. Thus if Vo, Va be the velocities, and Do Da the 


densities of oxygen and hydrogen respectively under the same condi- 
tions of temperature and pressure, we have, 


Weis) (DSL 

ie Va V Deen tour ait 
27. The Velocity of Sound in Water :—The velocity of sound 
in water was determined by Colladon and Strum in 1825 in the lake of 
Geneva, where a large bell, hung below the surface of water from 
the side of a boat, was struck by a hammer, The sound was received 
through a sort of ear-trumpet fixed in the water to another boat, 
which was placed at a distance of 2 miles. There was an arrangement 
in the first boat such that, at the instant the hammer was struck, a 
charge of gunpowder was ignited giving a flash in the air which could 
he seen by the observer in the second boat. The interval between 
the flash and the report was noted and the velocity was calculated in 

the usual way. 


Theoretical Calculation.— 


Velocity of sound in water, Vip = ef adiabatic elasticity For water, 
ensity 


density =1 gm. per c.c. and the adiabatic volume el tici J 
=2°1X10*° dynes per sq. em. fe fm water 


? 371x1010 
^ VWw= V ~; Cm8. per sec, = 1449 metres per sec, 


$ 
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This agrees fairly well with the experimental result. Note that 
this is nearly 4 times the yelocity of sound in air. 


In calculating the velocity of sound in any other liquid, the 
volume elasticity (bulk modulus) and the density of the liquid, which 
will be different from those of water, are to be considered. 


\ 28. The Velocity of Sound in Solids :—Sound travels much 
faster in solids than in air. The velocity of sound in cast-iron was 
determined by Biot by striking with a hammer one end of a long 
series of cast-iron pipes of total length 951 metres joined end to end. 
The sound travels through the walls of the pipes and through the 
air inside them with unequal speeds. An observer at the other ond 
noted the interval between the sounds transmitted by the metal and 
that by the air. The interval between the sounds was 2°5 seconds. 


Therefore, if V = velocity of sound in cast-iron, and V, that in air, 

the time taken by sound to travel 951 metres through cast-iron = 951/7, 

Paea E e AECT 

and that through air vy Roth Tha y 

Assuming the value of the velocity of sound in air at the particular 

temperature, the velocity in cast-iron was determined, but the 
result was not quite accurate. 


=9 


Ot 


Theoretical Calculation.— When a compression wave is trans- 
mitted along a solid, its velocity is given by V = VY/D, where Y = 
Young’s modulus of elasticity for that material. For annealed steel, 
Y=21'4 x 10** dynes per sq. cm. and D= 7'63 gms./cc. 

` EI 
y= Np E ems. per sec, = 5221 metres per sec. 

The present accepted value of the velocity of sound in iron is 
5130 metres per second. 

(a) The Velocity of Sound in other Forms of Solids.—The 
velocity of longitudinal waves in solids, when in the form ofa string, 
can be experimentally determined in the laboratory as explained 
in Chapter VII. When the solid is in the form of a rod the velocity 
is conveniently determined by Kundt’s method (vide Chapter VIII) 
which is based on the principle of resonance. 

From the table of velocities of sound it will be seen that sound 
travels faster in solids and liquids than in air. If the ear is applied 
to one end of a long wooden or metal board while somebody lightly 
scratches the other end, the sound of the scratching will be clearly 
heard, but if may not be audible when the ear is removed from con- 
tact with the board, i. e. when the sound travels through air. 


Similarly, any sound made under water may be easily heard at a 
considerable distance by means of a submerged hydrophone (Art. 29) 
which is an under-water microphone receiver with a sensitive metal 
diaphragm for recording sound-waves. But sounds do not readily 
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pass from one medium to another when the media differ greatly in 
density. For this reason, when your ears are under water you will 
not be able to hear the shouts of people around you made in air, 


The sounds made by a running horse's hoops will be heard from 
a very long distance if the ear is applied to the ground though they 
may be inaudible when the listner is standing up, and Similarly the 
ear in contact with a railway line catches the sounds of an approach- 
ing train long before they can be heard by others. This principle is 
applied by the water company’s inspector in detecting leaks in the 
water mains under the street. This is done by applying a rod to the 
ground above the pipe and pressing the ear to the rod, that is, by 
making a continuous solid connection from the pipe to the ear when 
sound of water running in the pipe will be readily audible. Similarly, 
the doctor presses his stethoscope on the chest in order to make a 
Solid connection between the chest and the ear so that the sound in 
the lungs and of the heart-beatings may be audible. 


The principle may be applied for preventing sound from passing 
from one room to another of a bui'ding by making cavity walls, that 
is, walls with an air space between them. 


29. The Hydrophone :—It is a microphone receiver used for 
the reception of sound under water and for the finding of the direction 
of a sound. It is largely used in echo-depth-sounding, location of sub- 
merged objects and ice-bergs by methods of echo-soundings, location 

h of submarines by the 
N method of sound rang- 

Ing in sea-water and 


\\ 
similar acts of sound-ro- 
ception under water. 


ZZZZIZZZIZÁ 


Ordinarily, it is a 
carbon-granule type of 
transmitter adapted for 
use under water. It 
consists of a heavy an- 
nular metallic ring R 
provided with a central 
thin diaphragm D made 
also of metal, One end 
Fig. 14—The Hydrophone. of a stylus S is fixed to 


the centre of the dia- 
phragm and the other end to a carbon-granule box C. The diaphragms 


D and the back-end Æ of the box are Separately joined to two wires 
from a cable by which the receiver is dipped into the sea, The ends 
of the wires at the other end of the cable are connected in series to a 
headphone and a battery of cells. The back side of the ring R is 
Provided with a screen B, called the bafle or the deat side, since it 
cuts off the reception of sound at that end. The movement of the 
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diaphragms due to the incidence of any vibratory disturbance on it, 
causes a fluctuation of resistance in the carbon granule box and so of 
the current in the headphone circuit. For correct reception of sound, 
the receiver is rotated in all possible directions until the maximum 
sound is heard in the headphone. The direction of the sound is nor- 
mal to the plane of the diaphragm at this position. 


30. Sound Ranging :—In war engagements the position of an 
enemy gun can be located by noting the times taken by the report of 
the gun to reach several sound-detecting stations, 


These stations are usually selected on a common base line ata 
distance of some miles from the enemy front line, separated from 
eich other by intervals of few hundred yards. Hach station is 
provided with a hot-wire microphone which is a sensitive electrical 
apparatus for detecting sounds. These microphones are electrically 
connected to a central station where the instant of reception of sound 
by each mycrophone is automatically recorded. 


Suppose there are three different stations 4, B and O (Fig. 15), Tf 
the report of the gun ec pA 
reached B a second later 
than it reaches A, then 
taking 1100 ft. per sec. 
for the velocity of sound, 
the gun at G, say, must 
be 1100 ft. farther from 
B than from A cr 8 
(GB- GA)=1100 ft. If, 
again, the report reaches 
C three-fifths of a second 
later than at A, then 
(@O— GA)=2x1100=660 ft. If now circles with radii 11(0 ft. and 
660 ft. respectively are drawn with centres B and C, the gun G will 
be at the centre of a circle passing through A and touching each of 
the other circles. This new circle is usually drawn by trial. 


Fig. 15—Location of a Gun, 


31. Determination of Ship’s Position :—In foggy weather when 
a ship finds it difficult to get its bearing, it sends out simultaneously 
two signils,—a wrieless signal and another under-water sound signal 
to the stations on the coast, which are suitably equipped for their 
reception and which in furn inform the ship by wireless the interyal 
between receiving the two signals. Thus, if the interval is 2 secs. 
at the station A, then the ship is (2x4714)=9,498 ft. from A, while 
an interval of 4 secs. at B would indicate that the ship is at a 
distance of (4 x 4714)=18,856 ft. from B, where the velocity of sound 
in sea-water is 4714 ft/sec. Therefore, the ship's position will be 
obtained by intersecting ares drawn on the chart with centres A and 
, B and radii 9,428 ft. and 18,856 ft. respectively. 
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Examples. (7) 10 seconds have elapsed between the flash and the report 
of @ gun. What is its distance, the temperature being 15°C ? (Velocity of sound 
in air at 0°C.=332 metres per second.) 

1 
Ans, From formula, Vinvo(1+4 xara) ;so we have Tas =332(1+ ste) 
=(832-+0°61 1) =332+0°61 X 15 =332 +9'15=341'15 metres. 
Hence in 10 seconds the sound would have travelled 341°15 x 10=3411'5 metres, 

+’. The distance required =3411°5 metres. 


(2) A piece of stone is dropped into a well and splash is heard after 
145 seconds. Calculate the depth of the well, assuming the velocity of sound 
in air to be 332 metres per second. (Pat, 1919) 


Ans. Iftbethe time taken by the stone in falling, the depth of the well 
t=jgi’. 

Hence the time taken by the report to reach the mouth of the well from 
water=(1'45—t) sec. So the distance travelled by the sound, 

w=velocity xtime=V(1'45—t). .*, V(1'45—t)=io9t?. 

or, 332(1°45—¢) =} x9°81xt? (*." g=981 cms. =9'81 metres) ; 

Or, 382 X 1°45 —332¢—4°9t? ; or 4°9t7+4+332t—481'4 0, .*, f= 1°42 seconds, 

Hence the depth of the well, œ =382(1°45 —1'42) = 332 x 0°03 =9'96 metres, 

(3) Calculate the velocity of sound in air at 10°C. when the pressure of the 
atmosphere is 76 cms. 

A sound is emitted by a source at one end of an iron tube 950 metres long 
and two sounds are heard at the other end at an interval of 2'5 secs. Find the 
velocity of sound in iron. 


Ans. We know that, y=, [THe 
«', The velocity of sound in air at 0°C. and 76 cms. pressure, 


*001293 
''. Tho velocity of sound at 10°0 =332°5+0'61 x 10=339'6 metres per sec. 


Vo -,/ 041070086 308% ems. per sec. =332°5 metres per sec. 


If V be the velocity of sound in iron expressed in metres per sec., the 
time taken by the sound to travel 950 metres along the iron tube is 950/V secs. 
The time taken by the sound to travel through the same distance in air 
at 10°C. is 950/338'6 secs. where the velocity of sound in air at 10°C=338°6 
metres per sec, 

The velocity of sound in solids is greater than that in air ; hence the time 
taken by the sound to travel through the iron of the tube is smaller than 
the time taken to travel through the air inside the tube. 

A 20, whence V= 310792 metres per sec. 

(4) A man sets his watch by the noon whistle of a factory at a distance 
of 1 mile. How many seconds is his watch slower than the time-piece of the 
factory? (Velcoity of sound=332 metres per sec.) (Pat. 1941) 

Ans, The man when setting his watch by the whistle did not take the 
time taken by the sound to travel over a distance of 1 mile into consideration. 
Hence his watch is slower than the factory time piece by the above time. 


Velocity of sound=332 metres per'sec. =1088 ft. per sec. 


1 mile=5280 ft. Therefore the time taken to travel 1 mile =C 4°85 


seconds. Hence the watch is 4°85 seconds slower. 
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Questions 

1. How will you determine the velocity of sound in air? Will the results 
be the same when a strong wind is blowing ? How will you eliminate the 
effect due to wind? Will the result be the same in summer and in winter ? 
Give reasons for your answer. (All. 1931) 

(Hints.—As velocity increases with temperature, the value of it will be 
found to be greater in summer than in winter.] 

2. State the law connecting the velocity of sound through a gas with its 
density. Compare the velocities of sound in hydrogen and oxygen under similan 
conditions. (C. U. 1912) 

[Ans. 4:1) 

3. Calculate the velocity of sound in air on a day when the barometer 
stands at 75 cms. (the density of air is 00129 gm./c.c.). 

[Ans. 3307 metres per second.] 

4(a). Give Newton's expression for the velocity of sound in a gas. 

(All, 1946) 

(b) Explain clearly the different steps in the reasoning which led to the 
rodulo of Laplace’s correction in Newton’s original expression for the 
velocity of sound in air. (Pat. 1927; cf. All. 1946; cf. Del. 1940) 

(c) Prove that in the case of a perfect gas the ratio between the adiabatic 
and isothermal elasticities is the same as the ratio between its two specific heats, 

(R. U. 1950) 


5. Ifthe velocity of sound inair be given by V -,/2 , show that Æ is 


equal to the atmospheric pressure if the process involved in sound propagation 
be regarded as isothermal. What other view can be taken of these processes ? 
Which of the two is correct and why? What will be the effect of a change in 
atmospheric pressure and temperature on the velocity of sound ? (Benares, 1955) 
6. Find the barometric pressure on a day when the velocity of sound in 
air is 340 metres/sec, and density of the air is 1°22x10- gm.jo c., given that 
the value of y=1741. (U. P. B. 1955) 
[Ans. 75 cms. of Hg.] 
7. Give Newton’s expression for the velocity of sound in air. Does it 
tally with the experimental value? If not, why not? 
How is the velocity of sound affected by change of pressure, temperature 
and humidity ? (G. U. 1949), 
8. Discuss the effects of temperature and pressure on the velocity of sound. 
(Del. 1938; Utkal, 1952) 
9. Describe in general terms the effects of wind, pressure and temperature 
on the velocity of sound in air. (C. U. 1950) 
J0. How can the velocity of sound in atmospheric air be measured? Give 
any two methods. How is the velocity affected by changes of pressure and 
temperature ? 
(C. U. 1917, '37, "41; All. 1945, 46; cf. Pat, 1921, 30, '40, '43, U. P. B. 1944) 
Il. Indicate how you could find the distance of a storm by noting the 
temperature of the air and the interval between the flash of lightning and the 
sound of thunder coming from the storm. 
What evidence could you give that the yelocity of sound is practically 
independent of tha amplitude and frequency of the air vibrations. ` (Pat. 1934) 
[Hints.—When some one speaks or sings, the sound is not a simple one, 
It is a compound sound, i.e., it consists of tones of different amplitudes and 
frequencies. But as every tone takes the same time to reach us, evidently the 
velocity of sound does not depend on the amplitude and frequency of the air 
> yibrations.] 
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12. The interval between the flash of lightning and the sound of thunder 
is 3 secs. when the temperature is 10°C. How far away is the storm? (Velocity 
‘of sound in air at 0°C. is 1090 ft. per sec.) 

Ans. 1110 yds. 

i The SE accompanying a lightning is heard 6 secs. later than the 
flash. Assuming the temperature of air to be 27°C., calculate the di ance at 
which the lightning must have occurred. Velocity of sound in air at 0°C.=33 1 3 
metres /sec. (M. U. 1920) 

[Ans. 2086 metres approx.] 5 

14. A cannon is fired from a station A at the top of a mountain and 
‘observers are placed at two points B and C equidistnt from A, B is at the 

top of another mountain, while C lies in the valley between the two, Assuming 
the temperature of air to fall as we descend, explain which of the observers 
will hear the cannon first. (Pat. 1922) 

15. An observer sets his watch by the sound of a gun fired at a fort T 
mile distant. If the temperature of the air at the time is 15°C., what will be 
‘the error? Mention other causes which are likely to lead to errors in the 
“setting. (Velocity of sound in air at 0°C.=1090 ft. per sec.) 

[dns. 4&7 secs.] 

16, An echo from a cliff is heard 5 secs. after the sound is made. II 
the temperature of the air is 15°C., how far away is the cliff? The velocity 
of sound at 0°C.=1090 ft./sec. (Pat. 1950) 

ý [Ans, 2800 ft. approx.] q 

17. If the velocity of sound in air at 0°C. and 76 cms. of mercury pressure 
is 380 metres per sec., calculate the velocity at 27°C. and 74 cms. pressure. 

[Ans, 3466 metres per sec.) (C. U. 1935) 

18. On what factors, and how, does the velocity of sound in a given © 
medium depend ? 

19. The densities of dry air and moist air are in the ratio 10; 8. Onsa 
dry day a sound travels a certain distance in 6 secs, How long will the sound 
travel the same distance on a moist day ? 

[Ans. 5'86 secs.] 

20. On one occasion when the temperature of air was 0°C,, a sound made 
at a given point was heard at a second point after an interval of 10 seconds. 
~ What was the temperature of the air on a second occasion, when the time 
ga taken to travel between the same two points was 9652 seconds ? 

” [Ans. 19°7°C] 

: 21. An observer sets his watch by the sound of a signal gun fired at a 
distant tower, He finds that his watch is slow by two seconds. Find the 
distance of the tower from the observer. Temperature of air during observation 
is 15°C, and the velocity of sound in air at 0°C. is $32 metres/sec, 


(Pat. 1939; cf. Utkal, 1953) 


[Hints,—V = 332(1 +061 x15)= $4115 metres/sec. 
Distance= 341-15 x2=682°3 metres.] 
22. Calculate the velocity of sound in hydrogen gas, assuming the velocity 
an air to be 332 metres/sec. and having also given that 1 litre of hydrogen 

Weighs 00896 gm. and 1 litre of air 1-293 gms. ji 

[Ans. 1262 metres/sec. approx.] 

23. An explosive. percussion signal on a railway is set off by a locomotive 
passing over it. A listener 1 km. away with one ear on the rail hears two 
reports. Explain the phenomenon and calculate the time interval betweensthe 
tee ear Y for steel=2x1012 dynes/sq. cm. ; p for steel=78 gm. /c.c. 
pfor air=0'0013 gm./c.c. ; ¥ for air=1'4; P=106 dynes/cm?, š 

Fis, £06 es yni (G. U. 1953) 

24. How would you show that sound travels faster in air than in carbon 
dioxide and slower in air = iron ? (Pat. 1918; Utkal, 1952) 

= 


r : . > £ 
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25. Explain; If an observer 
iron-pipe line, he can hear 
other end of the pipe line. 


26. Explain how sound-waves have been used to determine the position of 
a ship in a sea in foggy weather, > 


r places his ear close to one end of a lon; 
two distinct sounds when a workman hammers the 


CHAPTER IV 
REFLECTION AND REFRACTION OF SOUND 


32. Sound and Light Compared :— When a disturbance occurs 
in open air, sound-wayes Proceed radially outwards in all directions 
ffrom the source as the centre, just as light radiates out from a 

centre in all directions around it. But there is a fundamental 
_ difference between the methods of their propagation. Sound is pro- 

pagated in the form of longitudinal waves, whereas light is propagated 
in the form of transverse waves. Tho terms rays of light is used to 
express the directions in which light-waves proceed from a source, 
Similarly, any line, along which a sound-wave is propagated, may be 
called a sound ray. These terms are, however, only a convenient: way 
of speaking and have no reference to the actual modes of propagation. 
Light-waves are reflected from plano and Spherical surfaces obeying 
certain laws; sound waves are also reflected according to the same 
laws, viz. that the angles of incidence and reflection are equal and 
T that the incident and reflected rays and the normal at the point of 
incidence are in the same plane; bub conditions under which reflec- 
tions of these two waves take place are widely different on account of 
the lengths of light-waves and the lengths of sound-waves being 
greatly different. It must also be marked that light can travel 
through vacuum whereas sound-waves require a material medium for 
their transmission. £ 


Under favourable conditions sound-waves can also be reflected like 
light-wave3, and there may be also interference due to two waves of 
Sound as due to two appropriate waves in the case of light. 

Light from a luminous source is usually complex being composed 
of simple colours mixed up in some proportion. Sounds emitted by 
common sources are also complex. The quality of a sound (vide 
Chapter VI) depends upon the number of simple tones present in the 
Sound, their order, and also on their relative intensities. Tho colour 
Of æ light, say, red or blue, depends upon the frequency of the waves 
_ Produced; similarly, the pitch ofa sound (vide Chapter VI) depends 

on the frequency of vibration produced. 


"Sound waves are detected by the auditory nerves of the ear while 
light-waves are detected by the optic nerves. 

F 33. Reflection of. Sound :—In onder that appreciable reflection 
» Of a wave may take place from any surface, the area of the surface f 


ke oo 


| 


should be fairly large in comparison with the wavelength of the wave 
incident on it. Sound-waves are much larger than light-waves. The 
lowest audible note has gota wavelength of about halfan-inch, and 
the highest audible note has got a wavelength of about 32 ft.—for 
example, the wavelength corresponding to the note C is nearly 4 ft. 
whereas the wavelengths of visible light are included between 16 and 
8) millionths of an inch. Consequently, it is evident that larger 
surfaces are required for complete reflection of sound-waves than are 
required for light waves. On the other hand, the sound-wayes being 
larger do not require the reflecting surface to be so smooth as may be 
required for light waves. For this reason, a brick wall, a wooden 
board, row of trees or a hill side, all serve as reflectors of sound- 
waves. The following experiments will illustrate how the reflection of 
sound waves takes place like light waves. 


(1) Reflection at a Plane Surface.— Fix a large plane wooden 
board AB vertically and place a long hollow tube T, with its axis 
c pointing to some point C on the board 
making a definite angle with the plano 
of the board (Fig. 16). Now place 
another similar tube T's with its axis 
pointing towards C. Hold a small 
watch just in front of the tube T'i and 
put your ear at the end of the receive- 
ing tube T which is turned with the 
point Cas centre in all possible posi- 
tions till the sound of the watch 
appears maximum, a board S being 
Placed between the tubes to cut off 
the direct sound. It will be found 
that sound obeys the same laws of 
reflection as light, viz.— 

(i) The angle of reflection is equal to the angle of incidence ; 


that is, the axes of T, and Ta make equal angles with the normal to 
AB at 0. 


(ii) The reflected sound ray, the incident ray, that is, the axes 
of Ty and Ts, and the normal at the point C of incidence on the board 
lie in one plane. 

(2) Reflection by Concave Surfaces. — i- 
eh gs shige Two large concave spheri 
placed coaxially on. a 
table facing each other. 
A watch is placed at 
the focus of one of them, 
M. The  sound-waves 
proceeding from the 
pat boine reflected Fig. 17 

om the first mirror will fall on the second mirri i £ 
verged at the focus of M’ where the sound-waves a ay cr by 


560 INTERMEDIATE PHYSICS 


Reflector 
A 


Fig. 16—Reflection of sound 


is 
; 
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the car H by means of a funnel tube. The ticking of the watch will 
be distinctly heard at the focus, and it will be inaudible at other 
Points, or at the same point, by displacing the mirror a little. 


33 (a). Practical Examples :— Tho principle of reflection of 
Sound is applied in speaking tubes, air-trumpets, doctors’ stethoscopes, ete, 
In these cases 
the sound-waves 
are reflected re- 
peatedly from 
side to side of 
the tubes (Fig. 
18). Here the 
sound-waves can Fig. 18.—Reflections in a Tube, 
not spread, so 
the energy of the waves, instead of being distributed through a rapidly 
increasing Space, remains more or less confined within the limits of 
the tubes, and so an ear, placed atthe distant end, can hear the 
sound distinetly. 


in increasing the volume of sound. It has been Practically seen that 
the effect is better when the echo is heard nearly about 2 seconds after 


In churches there is often a concave reflecting board above the 
pulpit which reflects the Sound made by the preacher down to the 
congregation. 


Ifa source of sound is Placed at the focus of a parabolic reflector, 
the sound-rays are rendered parallel whereby they can reach great 
distances. 


It is known to everyone that the hollow of the hand held at the 
back of the ear ina curved way serves to concentrate the sound- 
waves and thus helps one to hear a distant sound. 


34. Echo :—When sound returns back after reflection from an 
obstacle, it is called an echo. A speaker's own words ata place are 
offen repeated by reflection from a distant extended surface, such ag 

» adistant cliff, a row of buildings, a row of close trees, etc, The 
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as an echo andis avory familiar example of 
sound-waves. A sound made near a wall, or hillside 
will be reflected and heard as two distinct sounds, provided the dis- 
tanco betwoon the observer and the reflecting surface is largo enough 
to allow the reflected sound to reach him without interfering with the 
direct sound. ‘The improssion of a sound persists for about roth of a 
ag tho oxclting oxuse coxsos to exist. This period may, 
therefore, be rogarded as the period of persistence of the sensation of 
sound. aking the volocity of sound in air to be 1100 ft. per second 
y, a sound-wave can travel 110 ft. in roth of a second. 

fo in onlor that the echo ofa sound may be distinctly heard, the 
rellocting « singed should bo ata distance not less than 55 ft. from 
anobserver, in order that the reflected sound-waye may reach the 
“jar of the obsorver not earlier than rath of a second after the first 


' Velocity of Sound by the Method of Echo.—By means of 
andio is possibla to obtain a rough estimate of the velocity of sound. 

ti you stand some hundreds of yanis from a hill and try to 
tho time between a shout and ita echo. Tf you are 500 yds. 
© hill and the echo comes back in 3 seconds, the sound has 
yds. or 8900 ft. in 8 seconds and therefore has 


per rooond, 

Series of person at A ia placed between two 
reflectors A and O nituatod at a B A a ft. from each other, 
so that the distance AB is 110 B AC 220 ft. Now if a pistol 
fy fired at A, tho wave travela to B, is ASIa and comes back to 
A ronching in YYY = yy eocond. The wave then travels to O and 
comes back to A in Y\GY =b second after the first’ echo, i. a., 1o 
fwcond from tha beginning. Tho wavo again travels to B and is 


reflected. This goos on. 


But in the beginning the sound-wave also directly travels to O, 
and comos back to A, after reflection in yy second. It then goes to B 
and comes to A, yh second later and so on. So wo get a series of 
echoes resulting from B, in =m 1's, fo, 24, tA, ote. second, and another 
forios of sound resulting from Oin 1h, vo, t8, £8, t8, oto. second. 

Articulate Sounds.—In tho caso of articulate sounds, however, 
tho distance of the obstacle should be at least twice that is, 110 ft. 
instead of 55 ft., as observed above, It is so, boonuse a person cannot 
Pronounce more than 5 syllables distinctly in one second, and tho ear 
also cannot recognise them if more than 5 syllables are pronounced in 
one second, PN per tohon o; ha WOED a second for it 


ani If the person pronounces any 5 syllables, say a, b, o, dande, , 


nertection AND REPRACTION OF SOUND 563 


and if’ the rolooting surface bo at a distance of 110 ft, thea ho will 
howr the echo of tho first syllable just as he is about to pronounce tho 
socond syllable b Similarly, the echoos of b, o, d, would come to him 
by #th of a second, just as he is about to pronounce the noxt one, So 
only the echo of the last syllable will be distinctly hoird. This echo 
which enibles us to heir only oaa sy'lidlo distinatly is ov'lod a mono» 
syllabic echo. If the roflocting surface be ata distance of two or 
three times, the echo will be disyllabic or tri-syllabic and so on. 
Evidently, if the distance be n timos 110 ft, then the esho of the last 
n syllables orn be hoard. Echoes which ontbles us to hear two or more 
syllables ara sometimes called poly-syllabic echoes, 


35. Echo Depth-sounding :—The phonomenon of refeotion of 
sound has been applied is measuring the depth of tha sea. For this 
purpose a hydrophone is placed undor water and a small undor-water 
charge of some explosivo is placed near it. Two sounds are hoard 
when the charge is fired, the direct sound of exp'osion coming to the 
hydrophone and the echo of it coming a little after by reflection from 
the sea-bed. The instants of reception of the two rounds by the — 
hydrophone sre automatically revorded by a suitable device and the 
interval hetwoen them found out, If this is ¢ seo, then taking the 
velocity of sound in water to be 4714 ft. per soo., the distance of the 
surfaco to the sos bed and bask must be 4714X¢ ft. ie the dopth of 
the sea is 2357¢ foot. 


An instrument constructed on the above principle known ss a 
is used for depth sounding in oceans, Eeho of radio-wavea 
is used to explore the upper atmosphore. 


Examples, (/) A man stationed between two parallel cliffs fires a gun, 
He hears the first echo after two seconds and the next after § sect. What is his 
position between the cliffs and when he hears the third echo? 

(All, 1910; Utkal, 1951) 

Ans, Let F be the velocity of sound in air, x the distance of one of the 
cliffs from the man, and y the distance of the other cliff, Then, if the first echo 


ba hoard aftar two seconds, 2= 7" ; or, Ver, 
The sound-wave will also be reflected by the other cliff and come back 


alter 5 seconds. .'. s =x, or, Vely. s fly; or, Ea 


That is, the position of the observer divides the distance between the cliffs in 
the ratio of 2: 5. The third echo will be heard 7 seconds after the firing of 
the gun, for the sound-wave reflected from either of the cliffs will be reflected 
from the other cliff and take 7 seconds to come to the man. 

(2) An engine is oies a tunnel surmounted by a cliff, and emits 
a shori whistle when f a mile away, The echo reaches the engine after 
A} seconds. Calculate the speed of the engine atsuming the velocity of wound — 
to be 1100 ft. per second, 

Ans, Let A be the first position, B the second postion, when the echo of 
the whistle is heard and C the position of the cliff. 

Then AC=} milew 2640 ft. In 4} second the distance to be travelled by 

x sound=1100% $= 4950 ft. .. The distance (4C+BC) = 4950 ft, é 


Gt f 


T <> rs ae 
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So BC=4950—2640=2310 ft. and AB=(2640—2310)=330 ft. ” 

This distance is travelled e train in 4} secs. 

s'e Speed of engine = 80% ft. per sec, =50 miles per hour roughly. 

(3) An echo repeats 5 syllables, each of which requires } of a second to 
pronounce and } a second elapses between the time the last syllable is heard and 
the first syllable is echoed. Calculate the distance of the reflecting surface, the 
velocity of sound being 332 metres per second. 

Ans. The five syllables will take (5x4 )=1 second to pronounce. Now } a 
second elapses after the last syllable is pronounced in order that the echo of 
the first syllable is heard ; so the time taken by the sound of the first syllable 
to travel to the reflecting surface and back to the observer is 1+4= $ seconds. 

In } secs. the sound will travel 332x$=498 metres. This distance is 
twice that between the observer and the reflecting surface; therefore the 

required distance 8 = 249 metres, 

(4) A man standing before a cliff repeats syllables at the rate of 5 per 
second. When he stops, he hears distinctly the last 3 syllables echoed. How far 
is he from the cliff? (The velocity of sound in air is 1100 ft. per sec.) 

Ans. It has been explained already that in the case of a mono-syllabic echo 
the distance of the reflecting surface must be 110 ft. Now because the last 8 
syllables are heard distinctly, the man must be at a distance of about 3x110= 
$30 ft. from the cliff. 


36. Nature of the Reflected Longitudinal Wave :— Whenever 
a longitudinal wave passing through one medium meets another medium 
of different density, it will be partly reflected, but the type of the 
reflected wave will depend upon the density of the second medium. 
This can be understood from the following illustrations. 


Reflection at a rigid surface.—Let a number of light and heavy 
steel balls be arranged successively in one line, the light balls represent- 
ing the particles of a lighter medium and the heavy balls those of a 
denser medium. If a forward push be given to one of the lighter 
balls, it will strike the next ball, which in turn will strike its neigh- 
bour, and in this way, energy will be handed on from one to the 
other until the last light ball strikes a heavy ball. After the impact, 
the light ball will rebound and strike a ball just behind it, and thus 
sot upa reflected pulse backwards. It should be noticed that at the 
time of proceeding forward, one ball was pressing against another 
and it appeared as if a compression wave was moving onwards. 


After the impact, also, the same process is repeated backwards 
Therefore the nature of the pulse is not changed. Similar thing 
happens in the case of longitudinal sound waves. When such a wave 
meets a fined end, or the surface of a denser medium, a wave of com- 
pression is reflected back as a wave of compresion, and a wave of 
rarefaction is reflected as a wave of rarefaction, that is, in reflection 
from a fixed and rigid surface, there is no change of ihe type of the 
wave. j 
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Reflection at a yielding surface.— 


Now, in the above experiment, if a forward impulse be given to 
one of the heavy balls the direction of motion of the heavy ball after 
impact with a light ball will remain the same, i. e. forward. But the 
second ball, being lighter than the striking heavy ball, after, impact, 
will move with greater speed, so it will create rarefaction behind it, 
Consequently, in the case of a longitudinal wave meeting a less dense 
medium, the reflected wave suffers a reversal of type ; & compressed 
wave is reflected back as rarefied wave, and vice versa. 


If both ends of a spiral are free, a pulse of condensation travelling 
to the other end is reflected along the same path as a pulse of rare- 


faction. So also a pulse of rarefaction returns as a pulse of 
condensation, 


37. Refraction of Sound ?—When sound-wayes cross the bound- 
ary sepirating two media in which the velocities of transmission are 
different, they are refracted obeying the same laws of refraction as 
for light. The refraction of sound may be demonstrated by taking 
a lense-shaped India-rubber bag filled with any gas, say, carbon dioxide, 
whose density is different from that of air. Refraction of sound, how- 
ver, has got very little important application in our daily life. 


(a) Effect of Temperature.— As tho density of air changes due 
to the change of temperature and so the velocity, it follows that change 
of temperature of air causes refraction of sound-waves, During the 
day time the lower layers of air are at a higher temperature than 
those higher up. So the sound-wayes, as they travel, will be refracted 
upwards, i.e. their line of advance will be bent away from the 
ground; and hence the intensity at a distance will be diminished 
due to this effect. On the other hand, at night time when the lower 
lavers are co'der than those above, as with layers of air over the 
surface of water, the bending of the line of advance will be towards 
the ground and the intensity will be increased. So, in this case, sound 
from a longer distance will be heard much more clearly than in day 
time. 

(b) Effect of Wind.—A sound-wave travels a longer distance 
near the surface of the earth in the direction of the wind than 
against it. 

This is due to refraction of sound. Each vertical column of air 
on the earth’s surface moves, during a strong wind through a greator 
distance at the top than at the bottom. When the Sound moyes in 
the direction of the wind, the velocity of sound is augmented more 
in the upper layers than in the lower layers of such a column. The 
direction of propagation of sound being normal to the column, 
the sound bends downwards, i. é. there is a concentration of sound 
near the surface of the earth. 

When the wind blows against the sound, the velocity of the sound 
is diminished more in the upper layers of the air than in the lower 
layers of each column of air. So the sound is refracted upwards. 


dip 
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a 
Questions 


1. Describe an experiment to demonstrate the reflection of 


sound. 
(C. U. 1946) 
e reflection of sound-waves. 
(Pat. 1944; cf. C. U. 1946) 

2. What isan echo? Give an instance where echoes are a disturbance and 
mention briefly the measures that would be adopted as remedy. (Utkal, 1952) 

3. What is an echo? (C. U. 1946; Pat. 1947) 

Why is a succession of echoes sometimes observed ? 

A man fires a gun on the sea-shore in front of a line of cliffs, and am 
observer, equidistant from the cliffs and 300 ft. away from the firer notices that 
the echo takes twice as long to reach him as does the report. Find by calculation 
or graphically the distance of the man from the cliffs. (Pat. 1922) 

(Hints.—4 is the position of the firer and C that of the observer ; B is the 
place on the cliffs where reflection takes place. (See Fig. 18, Part IV.) 

From the question, AN=NC=150 ft. if A, N and C are in the same st. 
line; and AB=BC. Hence calculate NB, which is the distance of the man 
from the cliffs.) 

[Ans. 2598 ft] 

4. Explain how echoes are produced. How may the phenomenon be used 
to measure the velocity of sound in air ? 

5. A boy standing in a disused quarry claps his hands sharply once every 
second and hears an echo from the face of the opposite cutting. He moves 
until the echo is heard midway between the claps. How far is he then from 
the reflecting surface, if the velocity of sound at the time is 1120 ft. per sec. ? 

fAns, 280 ft.] 

6. Explain—‘A brick wall reflects waves of sound but not waves of light, 
whereas a small mirror will reflect waves of light but not of sound.” (G. U. 1952) 

7. How would you show that sound waves get reflected and obey the law 
that the angle of incidence is equal to the angle of reflection ? Explain how the 
formation of an echo and the action of a physician's stethoscope are due to the 


Name a few appliances based on thi 


reflection of sound waves. (Del. H. S. 1954) 
8. How ire echoes produced ? Give a practical application of the use of 
echoes. (Utkal, 1947; cf. Pat, 1949) 


9. At what distance from the source of sound must a reflecting surface be 
placed so that an echo may be heard 4 sev. after the original sound? (The 
velocity of sound in air is 1100 ft. per second.) 

[dns. 2200 ft.] 


10. A man standing between two parallel cliffs fires a gun. He hears one echo 
after 3 secs. and another after 5 secs. ; what is the distance between the cliffs ? 

[dns, 4400 ft.7 

Il. Six syllables are echoed by a reflecting surface placed at ist f 
650 ft. What is the temperature ? (P. =1090 ft. E E os 

[ Ans, —3:34°C.] t 5 

12. A cannon is placed 550 yards from a lon i i 

ji g perpendicular line of smooth 

cliffs. An observer at the same distance from the cliffs hears the cannon shot 4 
seconds after he sees the flash. If the velocity of the sound is 1100 ft. per 
second, when will he hear the echo from the cliffs ? y 

[Ans. 1 second after hearing the direct report.] 

13. Explain the production of echoes. An echo repeated 6 syllables. The 


velocity of i 7 
ae sound is 1120 ft. per sec. What was the distance of the reflecting 


[Ans. 672 ft.] (C. U. 1940) 
. U. a 
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14. An echo Tepeats four syllables. Find the distance of the reflecting 
Surface? if it takes one-fifth of a second to pronounce or hear one syllable’ 
distinctly. (Vel. of sound=1120 ft. per sec.) (Pat. 1944) 

[Ans. 448 ft] 

15. A man standing between two parallel cliffs fires a rifle. He hears the 
first echo after 1} secs., then a second 2} secs. after the shot, then a third 
echo. Explain how these three echoes are produced. Calculate how many 
seconds elapsed between the shot and the third echo, and calculate the distance 


apart of the two cliffs. (C. U. 1944) 
[Ans. t=4 secs. ; distance=2x vel. of sound] 
16. How is echo employed to measure depths of oceans ? (C. U. 1946) 


17. Describe experiments to demonstrate reflection and refrcation of sound, 
A stone dropped into a well reaches the water with a velocity of 80 ft. /sec. and 
the sound of its striking the water surface is heard 24% secs. after it is let fall. 
Find the depth of the well and the velocity of sound in air, (Bihar, 1955) 

(8=3 2ft./sec.4). 

[Ans. 100 ft.; 1200 ft. /sec.] 


CHAPTER V 
RESONANCE : INTERFERENCE : STATIONARY WAVES 


38. Free and Forced Vibrations :— All bodies, no matter 
what their size, shape, or structure, vibrate in their own natural periods, 
when slightly disturbed from their positions of rest and left to them- 
selves. Such vibrations are called free vibrations. The bob of a 
simple pendulum, when slightly moved to one side and then released, 
vibrates with its own period depending on its length ; so also large 
structures like bridges, tall chimneys, and large ships on oceans have 
got their own natural periods of vibration. 


If a periodic force be applied to a body capable of vibration, and 
ifthe period of the force is not the same as the free period of the 
body, the body at first tends to vibrate in its own way but will 
ultimately vibrate with a period equal to that of the applied force, 
Such vibrations of the body are called forced vibrations. 


Examples.—If a vibrating tuning fork js held by the stem in the 
hand, the sound will be most inaudible even from a small distance, 
but, if the stem be lightly pressed on a table, the sound is much inten- 
sified. The reason is that the vibrations of the fork are communicated 
to the table which is thus forced to vibrate at the same rate. Due to 
the vibrations of the table a large volume of the air in contact is made 
to vibrate, and the waves thus set up are added to those originating 
from the fork, and, consequently, the sound becomes louder. 

The diaphragm of a gramophone sound-box is a common example 
of forced vibration, where the diaphragm vibrates with frequencies 
corresponding to the tones conveyed from the record. The vibrations 

¿e from the sounding boards of musical instruments like violin, piano, 
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etc. are also forced vibrations, The sounding board of a viglin is 
first set into forced vibration by the vibration of the strings, and then 
the large mass of air inside the board also vibrates and intensifies 
the sound. 


39. Resonance :— When a body is forced to vibrate, due to an 
applied external force, it vibrates with a very smal! amplitude, if the 
period of the applied force is different from that of the free period of 
the body; but when these two periods are the same, the body vibrates 
with a much greater amplitude. The latter phenomenon is known as 
resonance. Thus resonance is a particular case of forced vibration 
and is produced when one body forces vibrations on a second body 

whose natural frequency of vibration is equal to that 
of the first. The principles of forced vibration and 
resonance may be illustrated by the following 
experiment :— 


Expl.—Four simple pendulums A, B, 0, and D 

are suspended from a flexible support. The lengths of 

Aand Bare equal, and so they have got the same 

KiS period of vibration; C is slightly shorter, and D 

slightly longer than A or B (Fig, 19). When 4 is set 

in vibration the flexible support is also set in forced 

Pig. 19 vibration of the same period, but of smaller amplitude. 

As a result of the vibration of the support, a periodic 

force of the same period is applied to each of tho pendulums B, C 

and D which are made to vibrate. It will be found that B, whose 

length is equal to that of A, readily vibrates with an equal amplitude. 

This is the case of resonance. The pendulums O and D at first swing 

slowly and irregularly and then come to rest, but, ultimately vibrate 

steadily with the same period as that of A, but with smaller amplitude. 
They show forced vibration. 


column within a tube may also be made to vibrate 
by resonance, when a vibrating tuning-fork is held 
close to the upper end of the tube. 


Take a vibrating tuning-fork A and hold it hori- 
zontally, as shown in the figure, over a tall glass jar B 
(Pig. 20), Now gradually pour water into tha jar and 
note that fora certain length ED of the air-column 
inside the jar a maximum sound is heard. Pour more 
water in, and the sound disappears. This strengthen- 
ing of the sound is called resonance, which in this 
case, takes place when the period of vibration of the 
tuning-fork is equal to the natural period of vibration Fig. 20 
of the enclosed column of air. IRAAN 


Tt will be found that, for forks having different column. 


40. Resonance of Ajr-column :—The air- A 
E 
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frequencies of vibration, the length of the air-column giving maximum 
resohance will be different. It will be greater or less as the frequency 
of vibration of the fork is lower or higher (for explanation, vide 
Chapter VIII). 


41. Sounding (or Resonance) Boxes :—Tuning-forks are often 
mounted on hollow wooden boxes, called sounding or resonance 
bomes. The sizes of these boxes are so 
arranged that the enclosed mass of air has 
a free vibration whose natural period is 
the same as that of the fork. When the 
fork is struck, it sets the wood into forced 
vibration of the same period, and this 
agrees with the natural period of vibration 
of the enclosed mass of air; so the sound 
becomes louder due to resonance. 


Here the the energy of the vibration 
fork is quickly used up in setting the wood 
with the enclosed air into vibration, where- 
by loudness is gained at the cost of duration 
of sound. So the action does not violate the principle of conservation 
of energy. Instruments like the sonometer, violin, sitar, esraj, etc. are 
always provided with a large hollow wooden board known as a 
sounding board whose principle of action is similar to what is 
expliined above. When the handle of a tuning-fork vibrating feebly 
is held on a table, the sound is intensified. Here the intensification 
is due to the vibration of a large volume of air which is made to 
vibrate by the forced vibration of the table. 


Fig. 21—Resonance Box, 


42. Resonators :— Tho great German scientist Helmholtz (1821- 
1894) constructed globes of brass, each having a large aperture B for 
receiving sound-waves and a small one A at the other side against 
which the ear is placed (Fig. 22). He utilised the principle of reso- 

nance in his investigations on the quality (vide 


DT Art. 54) of notes emitted by various sources. 
/ These globes of various sizes are called Helm- 
ae g holtz resonators. In a given set of these reso- 


r nators the size of each resonator is such that it 

Eee can respond to a tone of given fixed frequency 

and the tuning is so perfect that the particular 

Fig. 22— tone, if present in a complex note, can be 

A Resonator. picked up with distinctness, by placing the ear 
at the small aperature A. 


43. Sympathetic Vibration :—If two stringed instruments are 
tuned to the same frequency and if one of them is sounded, the second 
one also is automatically excited when placed close by. The induced 
vibration of the second is known as sympathetic vibration. 
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Let two tuning-forks of the same vibration frequency fitted to 
two resonance boxes be placed near each other. One of them is bowed 
strongly and then the vibration is stopped by touching it, when the 
other will be found to emit the same note, although it has not been 
bowed at all. This is a case of resonance. The vibration of the 
second fork is called sympathetic vibration. The phenomenon will not 
happen, if the frequencies of the forks are not exactly the same. 


Tf a sequence of small repeated impulses be applied to a vibrating 
pendulum, and if each push be given exactly at the end of one com- 
plete swing, or, in other words, if the period of the impulse be 
exactly equal to the period of vibration of the swing itself, the pen- 
dulum will vibrate so that is succeeding swing will be greater than 
the previous one, It is for this reason that soldiers are ordered to 
break step when crossing a suspension bridge, as otherwise the regu- 
larity of the impulse due to the steady marching may agree with the 
natural period of vibration of the bridge, which will sot up danger- 
ous oscillation. Similarly, a ship at sea may be thrown into dangerous 
oscillations when the frequency at which the ship is struck by the 
Waves is equal to the natural frequency of vibration of the ship. 


44, Interference of Sounds :—When two systems of waves 
travel through the same medium simultaneously, the actual disturbance 
at any point of the medium at any instant is the resultant of the 
component disturbances produced by the waves Separately i. o. 
the actual displacement of a particle at any point of the medium is 
the algebraic sum of the displacements which the waves would sepa- 
rately produce. This is known as the principle of superposition. If 
the crests of the two waves arrive simultaneously at the same point, 
i. e. if they are in the same phase, then they will combine to produce 
large crests; and similariy two troughs arriving at the same point at 
the same instant will produce deeper troughs. But, if the two waves 
are exactly similar, and if conditions are such that the troughs of 
one wave fall upon the crests of the other, i. e. if they are in opposite 
phases, then they completely annul one another and the result will be 
the absence of any disturbance in the medium at that place at that 
instant and the two sound-waves, in such a case will produce silence. 
This is the principle of interference of sound. 


_ By dropping two stones into a Pond simultaneously at two 
neighbouring points, two sets of ripples are produced and when these 
ripples meet one another, a definite interference pattern is observed. 
Some lines can be seen along which the water Particles are undistur- 
bed and there are other intermediate lines along which a maximum 
disturbance occurs. Similarly, for sound-waves, the compressions of 
one set may serve to neutralise the rarefactions of another set at 
some points of a medium and to reinforce the compressions of the 
other set at other points of the medium. 


iha ———— ee a 
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: 45. Beats :—When two sounds preferably of the same type and 
intefisity but with slightly different frequencies are produced together, 
a fluctuation of loudness (waxing and waning of sound) occurs at any 
place in the neighbourhood of the sources of sound due tothe mutual 
interference of the two 
notes. In the resulting 
sound-wave the com- 
ponent waves periodi- 
cally reinforce each 
other at some instant 
of time and destroy 
each other at some 
other instant of time 
and so the sound heard 
possesses a charac- 
teristic throbbing or beating effect. This phenomenon is known as 
pei. The phenomenon may be represented graphically us 
ollows :— 


In Fig. 28, the dotted curves represent two wave systems (arranged 
on the same axis) produced by two vibrating tuning-forks of slightly 
different frequencies. At the beginning of a given second, the two 
forks are swinging together so that they simultaneously send out 
condensations, and the result of the two condensations will produce 
a double effect upon the ear (as at 4, Fig. 28). But as the frequencies 
of the forks differ, the subsequent effects upon the ear is represented 
by the continuous curve, which is the result of combining these two 
wave systems, und is obtained by finding the algebraic sum of the 
separate displacements, as time passes. 

Tt is evident from the nature of the continuous curve that its 
amplitude varies in a pericdic manner, being maximum at A and O 
and minimum at B, due to which there isa periodic change in the 
intensity of the sound heard. At 4, when the vibrations are in the 
same phase, the resultant displacement is the sum of the displace- 
ments of the two compopent waves, and at B these are in opposite 
phases, and the resultant displacement is given by their difference. 
‘As the loudness depends upon the amplitude of vibration, the sound 
heard, for small intervals corresponding to instants, A and O, is 
the loudest when the amplitudes are maximum, and it is minimum 
at B when the amplitude is minimum. Such fluctuations of loudness 
of the sound are known as beats. 


Fig. 283—Formation of Beats. 


Suppose two tuning-forks having frequencies, 256 and 257 per 
second respectively, are sounded together. If,at the beginning of a 
given second they vibrate in the same phase so that the compressions 
(or rarefactions) of the corresponding waves reach the ear together, 
the sound will be strengthened. Halfasecond later when one makes 
198 and other 1283 vibrations, they will be in the opposite phase, 
ie. a compression of one wave will unite with a rarefaction of the 
other and will tend to produce silence. At the end of one second they 
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will again be in the same phase and the sound will be augmented, and 
by this time, one fork will gain one vibration over the other. Thus, in 
the resultant sound the observer will hear the maximum of loudness at 
every interval of one second. Similarly, a minimum of loudness will be 
heard at an interval of one second. As we may consider a single 
beat to occupy the interval, between two consecutive maxima or 
minima, the beat produced in the above case is one in each second. 
It is evident, therefore, that when two sounds of nearly the same 
vibration frequencies are heard together, the number of beats per 
Second is equal to the difference of the frequencies of the two vibra- 
ting sources. Thus, if nı and ts (nı>na) be the frequencies of the 
two Sources, then the number of beats per second is equal to (n; — na). 
Thus, the number of beats heard per second is numerically equal 
to the difference in frequencies of the two sounds. 


45(a). Number of Beats heard per Second is equal to the 
Difference between the two Frequencies : 


Let the smaller of the two frequencies be n, 
than it by m. Assuming that they start wit! 
Placements produced by the two wave-system: 
instant of time ¢ will be given by, 


ta =a sin Qnyt, and Ya =b sin (n; +n)t. 


and the other greater 
h the samo phase, dis- 
S at a point at some 


By the 


principle of superposition, the resultant displacement will 
be given by, 


Y=%, +U9=a sin Imn t+b sin n(n +n)t 
=sin 274 tlb cos 2mni+a)+b cos 2Qnn4t. sin Imni. 


F cos x= cos 2mnt+a, and F sin x= sin Int. 
By squaring both sides and adding, 
F” =b? sin? 22nt-+5° cos? 2ant+ 
=a" +5" + 2ab cos Int 
b sin 22nt 
ATETEA T ay ae Bana): 
Tt is evident from (1) that the am 


with time. It assumes maximum a 
when ¢=0, cos 27nt=1, F= 


2ab cos 2xnt+q? 


Also, tan x= 


plitude of the resultant wave varies 


nd minimum values as follows :— 
a+b (maximum) ; 


when tot cos 2%nt= 


Zw —1, F=a—b (minimum) ; 


wnen ¢ =L, cos 2%nt=1, F=a+b (maximum). 
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Thus, in an interval of I second, two maxima and an intermediate 
minimum take place. Similarly, it can be shown that between two 
minimum sounds, a maximum occurs in a period of sec. So the 


number of beats (two successive maxima or two successive minima 
produce one beating effect ) per sec. is=n=the difference of the 
frequencies. 

y 46. Tuning Instruments :—It should be remembered that beats ~ 
| can be heard only when the frequencies of the notes are nearly equal 


to each other ; if their difference is greater than 15 or 16, separate 

beats cannot be heard and a discordant unpleasant noise is the resu't. 

It is for the above reason that musical instruments are tuned by 

means of beats. If beats are heard between the first overtone (vide 

Ch. VII) of a lower note and its octave, say in the case of a piano or 

organ, it is a sure test that instrament needs tuning. Beats are 
fi not heard when the frequencies of the two sounds are exactly equal. 


47. Determination of the Frequency of a Fork by the 
Method of Beats :—Two forks having nearly the same frequency are 
mounted on sounding boxes and sounded together. The number of 
heats in any time is counted by means of a stop watch, and, from 
this, the number of beats per second is determined, which is equal to the 
difference of the frequencies of the forks. By knowing the vibration 
frequency of one of them, that of the other can be determined. To 
know whether the frequency of the given fork will be higher or lower 
than that of other, one of the prongs of the given fork is loaded with 
a little waz, and the number of beats per second is again determined. 

fi The frequency of the fork is diminished hy loading its prong. Hence, 
i _if the number of beats per second ‘obtained after loading the fork is 
4 greater than the number obtained before, the frequency of the given 
{ fork must be less than that of the known fork; if the number be 
less, then the frequency of the unknown fork is greater than that of 
the known fork. 

N.B.—The frequency of a fork is increased by filing it. 


The uses of beats are in (a) finding frequency; (b) tuning 
instruments, 

Examples. (1) Two tuning forks A and B, the frequency of B being 512, 
are sounded together and it is found that 5 beats per second are heard. A is 
then filed and it is found that 5 beats occur at shorter intervals. Find the 
frequency of A. (All, 1916; C. U. 1936) 

Ans. Since A is filed, its period is diminished and its frequency is increa- 
sed ; but because beats occur at shorter intervals, i.e. the number of beats 
increases by increasing the frequency of 4, it is clear that the frequency of 
A is greater than that of B. 

If m and ny be the frequencies of A and B respectively, we have 

m-n=5; or m—512=5; ~<. n, =512+5=517. 

(2) The interval between two tones is +4 and the higher tone makes 64 
vibrations per second. Calculate the number of beats occuring per second 


>» between the tones. 


jj 
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Ans. The interval is the ratio of the two frequencies (vide Art. 56) Let 
the frequency of the first be n, then we have, 
t= + n=60. ., The number of beats=(64—60) =4 per sec. 


e 
(3) A fork of unknown frequency when sounded with one of frequency 288 
gives 4 beats per sec., and when loaded with a piece of wire again gives 4 beats 


per sec. How do you account for this and what was the unknown frequency ? 
(Pat. 1945) 


Ans. The experiment shows that the unknown frequency n in the beginning 
was higher by 4, and after loading the fork with a piece of wire the frequency 
n’ was lower by 4, i.e., it became (288—4) =284. So the unknown frequency 
n=288 +4 = 292. 


48. The Conditions for Interference of Two Sounds :— 


(1) The component waves must have the same frequency and 
amplitude. 
(2) The type of the two waves should be preferably similar. 
(8) The displacements caused by them must be in the same line. 
49. Experimental Demonstration of Acoustical interference :— 
Two separate sources producing waves satisfying the conditions for 
interference cannot be realised in practice. That is why, in practice, 
the wayes from a single souce are divided at a point and made to 
reunite again at some other region after travelling paths of different 
lengths. Quinke based 
his arrangement on this 
principle, and his appara- 
tus consisted of a mouth- 
piece A connected to the 
twolimbs B and O which 
combine again into one 
tube EF against which 
y the ear is placed (Fig. 24). 
Fig. 24 Disa sliding tube, by 
drawing which in or out the length of the pash ACDE can be suitably 
altered. A vibrating tuning-fork T is held at A and the resulting 
sound at F is heard. When the sliding tube is at D, the paths ABE 
and AODE are equal so that the two waves passing through them 
meet In the same phase at F and produce a maximum sound, The 
path ACDZ is then increased by drawing out the sliding tube D until 
a position Dı is obtained when a maximum sound is produced. The 
difference in path between ACDE and ACD, E is half the wavelength. 
By further drawing out the tube D from D, to Ds, again a maximum 
sound is obtained, the shift so made being equal to half the wavelength 
again. Thus the full wavelength of the sound used is obtained. 
50. Progressive and Stationary Waves : 


Progressive Wave.—In a progressive wave a particular state of 
motion is continuously transferred forward from one part of the 
medium to the next by similar movements performed one after 
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another by the consecutive Particles, and so the Particles pass through 
the same cycle of movements when the wave advances forward. 


Thus, though the motions of the particles are otherwise similar, as 
the distance from the source of disturbance increases, the amplitude 


of motion, will however, decrease, and the Phases of the particles 
change continuously from one to the next along the direction of 


An ordinary Sound-wave in air is an example of longitudinal 
Progressive wave and an ordinary water-wave is a transverse progres- 
sive wave. . 


Stationary Waves.— When two sets of progressive waves, haying 
the same amplitude and Period, but travelling in opposite directions 
with the same velocity, mest each other in a confined space, the result 
of their superposition is a Set of waves, which only expand and shrink 
but do not proceed in either directions. Those waves are called 
stationary waves, They are so called because they remain confined 
in the region in which they are produced and are non-progressive in 
character. Moreover, the nature of vibration at each Position along 
such a wave is fixed, 


Stationary vibrations may be longitudinal as well as transverse 
in character. In the cise of an organ pipe the longitudinal waves 


ances are identical in character, but travelling in opposite directions, 
produce stationary vibrations transverse in character which remain 
confined within the string. 


Unlike in a progressive wave, here the particles in the confined 
space lying along a line do not Successively pass through similar 
Movement, but each particle vibrates in simple harmonic manner 
with an amplitude which js fixed for it. The amplitude is minimum 
at equidistant fixed positions along the confined Space t.e. the particles 
at such positions are Permanently almost at rest. Such positions are 
called nodes. From one node to the next, the amplitude of vibration 
of the successive particles gradually increases to a maximum (double 
of the maximum for each constituent wave) midway between the two 
nodes, and then decreases to a minimum at the next node, but the 
Particles between the two connective nodes are always vibrated in the 
Same phase. The positions of maximum amplitude are called the 
antinodes . If the displacement is Positive in the region between two 
consecutive nodes, the displacement is negative in the region between 
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the next two nodes, z.e. the particles between two consecutive nodes 
differ in phase by 180° from the phase of the particles between the 
next two consecutive nodes. The positions of the nodes and anti- 
nodes are fixed and the features are invariable. The distance between 
two consecutive nodes (or between two consecutive antinodes) is equal 
to half the wavelength of either of the two superposing waves. 


Graphical Representation of Stationary Waves :— 


In Fig. 25 is shown graphically the addition of two identical 
transverse simple harmonic progressive waves travelling in opposite 
` directions. The full curve represents the 
resultant wave obtained by adding the 
ordinates, i.e. the displacements of the two 
dotted curves. The second diagram in the 
figures shows the two waves and their result- 
tant, ab a time $ T later than the first ; that is, 
each wave has advanced one eighth of a wave- 
length À, one $ A to the right and the other 
% À to the left. Tho third diagram shows the 
waves % T later than the second, i.e. 47 later 
than the first and one of the dotted curves 
has moyed 3 À to the right farther than the 
preceding one and the other $ A to the left 
farther than the preceding one. The dotted 
curves exactly neutralize one another and the 


Fig. 25—The Formati i! : 
of Stationary Waves, Tesulting disturbance is represented by a 


Straight line. Similarly, the fourth and the 
fifth diagrams represent the waves and their resultants respectively 
after times g Tand y T. By taking times } T, 3 T, ete. it will be seen 
that the same changes are produced in the reverse order. 


Note that the points of the full curves marked N through which 
dotted vertical lines pass arə always at rest. The points are the 
modes, The points midway between the nodes are the antinodes or 
loops. These are points of maximum disturbance. The resultant 
disturbance simply shows a change of form from instant to instant 
as given by the full curve, but there is no forward motion of the wave 
asa whole. Such wayes in which the Positions of the nodes and anti- 
nodes are fixed are stationary waves. 


51. Progressive and Stationary Waves Compared :— 


Progressive Waves Stationary Waves 


(i) All particles of the medium (i) All particles of the medi- 
execute periodic motions about um (except at some equidistant 
their mean Positions, and have Points) execute periodic motions 
identical motions (With the dis- having amplitudes which are 
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Progressive Waves 


tance from the source increasing, 
the amplitude will, however, de- 
crease gradually from one particle 
to the next), 


(ii) The wave travels onward 
with a definite velocity. 


(iii) The movement of one 
particle begins just a little later 
than its predecessor, or, in other 
words, the phases of tho particles 
change continuously from one 
particle to the next. 


(iv) Each particle of the me- 
dium in turn goes through a simi- 
lar movement, i.e. similar changes 
of pressure, density, otc. as a 
complete wave passes through it 
and is restored to its initial con- 
dition after each periodic time. 


(v) In a complete vibration 
there is no instant when all the 
particles are stationary. 


Vol. I—37 


Stationary Waves 


fixed for them. From a definite 
particle along the line of propa- 
gation, the amplitude increases 
gradually from a minimum to a 
maximum at some other definite 
particle and then decreases in the 
same fashion toa minimum again. 
This is repeated throughout. The 
points where the amplitude is 
minimum are called modes and 
the points (midway between the 
nodes), where the amplitude is 
maximum, are called antinodes, 
The period of motion for the 
particles is the same as that of 
the component waves. 


(ii) The wave is not bodily 
transferred from one part of the 
medium to another ; and the com- 
pressions and rarefactions or the 
crests and troughs, in the case of 
longitudinal waves or transverse 
waves as the case may be, merely 
appear and disappear without 
progressing in either direction. 


(iii) At any instant all the 
particles in any one segment, i.6. 
between two consecutive nodes 
or antinodes, are in the same 
phase, but the particles in two 
consecutive segments are in oppo- 
site phases, 


(iv) The particles at nodes 
undergo maximum change of 
pressure and density while those 
at antinodés undergo minimum 
change, of pressure and density 
throughout a periodic motion, 


(v) Twice in each complete 
vibration all the particles are at 
rest at the same moment (vide 
line 3, Fig. 25). 
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52. Hermann Helmholtz (1821—1894):—A German physicist 
and Physiologist of very outstanding calibre. He made extensive 
researches on light, sound and electricity. He was son of a school 
teacher in Potsdam and began his life as an army doctor after studying 
Medicine in Friedrich Wilhelm Institute in Berlin. In 1848 he 
joined the University of Konigsberg as Professor of Physiology. Hoe 
here invented the Opthalmoscope for examination of the retina of 
the eye. After successively serving at Bonn (1855) and Heidelberg 
(1858) as Professor of Anatomy and Physiology he was then called to 
Berlin as the first Professor of Physics. In 1838 he became president 
of the newly-founded Physikalisch Technische Reichsanstalt (corres- 
ponding to the English National Physical Laboratory). a 


He hada wide ranging capability for different domains of know- 
ledge anda rare aptitude for Mathematics. Two of his earlier works, 
Physiological Optics and Theory of Sound, made him a popular 
Scientist in his time. Some Laboratory instruments such as Holm- 
holtz Coil Galvanometer, Helmholtz Resonators, ete. stil! bear his 
name. His most outstanding contribution to Physics, however lies 
in his explanation of the quality of musical sounds. He has shown 
that the quality of musical sounds depends wholly on the number, 
order of succession and the relative intensities of the overtones present 
and is independent of their phase relationships. He also investigated 
on the physiological effects of overtones and found that a note which 
Possesses the few overtones only, not exceeding the sixth, besides the 
fundamenta', has a pleasing effect on the ear, while notes containing 
More overtones are generally discordant. 

52 (a). Supersonic or Ultrasonic Waves :—Sound waves 
haying frequencies above the limit of audibility of the human ear are 
known as ultrasonic or supersonic waves and the science of such waves 
is called supersonics or ultrasonics, The upper limit of audibility being 
about 20,000 cycles per second, sound waves of frequencies higher than 
20,000 c/s come under the category of supersonic waves. Longitudinal 
waves upto a frequency of about 5*10° ke/s have been possible to 
be produced by modern methods. So the shortest supersonic waves 


y 33000 
we can have at present have a wavelength, 4 n “5000x107 
6'6 x 107" =6600 x 107° em. =6600 A which is of the order of the wave- 
length of visible light. The acoustical laws valid for the audible 
range are also true for the supersonic range of longitudinal waves. 
Many newer phenomena not detectable in the audible range haye 
been also observed in the Supersonic range. 


Supersonic speed means a Speed greater than that of sound. The 
rockets, planes, etc, Possessing speeds greater than that of sound 
are commonly referred to as Supersonic rockets and supersonic planes. 


Various methods are available now-a-days, e.g. mechanical gener- 
ators like tiny tuning forks, Galton whistle, magnetostrictive generators 


RESONANCEG INTERFERENCE : STATIONARY WAVES 579 


(variable frequency), piezo-electric generators, such as quartz crystals 
fixed frequeney) ete. for the production of supersonic waves. Special 
methods (not the ordinary acoustical methods) —such as by using lyco- 
podium powder in a Kundt’s tube, using thermal Ultrasonic receivers 
resistance of wires gently heated by a current changes when ultra- 
Sonic waves fall on them), using crystal detectors and quartz vibrators 
in parallel to a sensitive galvanometer, or by using optical (striation 
method) or diffraction principles, have been devised to detest 
and measure supersonic waves. 


Applications of supersonics.—Of the various types of uses of 
Supersonio waves a few are mentioned below. 


(a) They are used in signalling, depth-sounding and in detecting 
sunken objects like ice-hergs, submarines, etċ. 


(b) They are used in guiding ships from a harbour mouth. 


(c) They are used for testing flaws or discontinuities in structures 
or joints. 


(d). Two immiscible liquids may be made to form an emulsion by 
subjecting them to ultrasonic waves. 


(e) In laundries they are used for quitk removal of dust particles 
from clothings. 


(f) They are used in the degassing of liquids. 


lg) Some bacteria become more virulent while others are killed 
when subjected to ultrasonics. 


(h) Many veast cells lose the power of reproduction when 
subjected to these waves. 


(i) They have also found applications in stroboscopes. 


Questions 


1. (a) Explain clearly the difference between forced vibration and resonance. 
Give mechanical and acoustical illustrations. 
(cf. C. U. 1909; Bomb. 1952, '55: Pat. 1951) 
(b) Write notes on ‘Forced vibrations’, (Utkal, 1958; Pat. 1947, "52) 
2. Describe experiments to illustrate the principle of forced and free vibra- 
tions and give illustrations in case of sound. 
(Pat. 1981; R. U. 1955; Poo. U. 1952; Fast Punjab, 1953) 
3. Explain the principle of resonance. 
(Del. H. S. 1948, "50, '52; Guj. U. 1953; Rajputana, 1952; Utkal, 1953; 
All. 1925, '29, "45; Pat. 1929, '30; C. U. 1929) 
4. Explain why, when the handle of a Vibrating tuning-fork is pressed 
against a wooden board, the intensity of sound is greatly increased. 
(C. U. 1915; cf. 1920, “SL AT ae 
5. Explain what you mean by ‘resonance’ and ‘resonator’. 
(Pat. 1929; cf. '31, '88; All. 1918; G, U. 1949) 
6. Explain how reasonators are used for the analysis of sound. 
7. What are ‘beats’ ? (Pat. 1947) 
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How are they produced? If two tuning-forks sounded together produce 
beats, how would you determine which was of the higher pitch ? rf 
(All. 1925, "82, "44 ; Dac. 1930 ; cf. Pat. 1932, "40, ‘41, “45; cf. C. U. 1983, "39) 
8. What are ‘beats’? How are they produced? Illustrate your answer 
by suitable diagrams and mention some uses of beats. (Dac. 1951; Utkal, 195!) 
9. How has the phenomenon of beats been used to determine the unknown 
frequency of a tuning-fork ? Explain. (A. B. 1952) 
10. A standard fork A has a frequency of 256 vibrations and when a fork 
B is sounded with A there are four beats per second. What further observation 
is required for determining the frequency of B. (C. U. 1933) 
[Ans. The frequency 1s either 260 or 252. To know exactly the frequency of 
B, we should know whether the frequency of A is greater or less than that of B.] 
11. A tuning-fork originally in unison with another tuning-fork of frequ- 
ency 256 produces 4 beats per sec. when a little wax is attached to it, What 
is its frequency now ? (Pat. 1952) 
[Ans. 252] 
12. Calculate the velocity of sound in a gas in which two waves of length 
J and 1'01 metres produce 10 beats in 3 seconds, 
[dns. 33667 metres/sec.} (U. P. B. 1954; Rajputana, 1949) 
18. A set of 24 tuning-forks is arranged in a series of increasing frequencies, 
If each fork gives 4 beats with the preceding one and the last fork is found to 
be the octave of the first, calculate the frequencies of the first and the last fork. 
[Ans. 92; 185] (Bomb, 1954) 
14, You are provided with two tuning-forks of nearly equal frequencies. 
Explain how you would proceed to find out which of the two has the greater 
frequency, (Pat. 1941; R. U. 1952) 
15, Explain the phenomenon of ‘beats’ in sound, How will you prove that 
the number of beats produced by two sounding bodies is equal to the difference 
of their frequencies ? (R. U. 1952) 
l6. Distinguish between a progressive and a stationary wave, giving an 
example of each and illustrating your answer by diagram 
(G. U. 1953; U. P. B. 1950; C. U. 1933, "55; cf. Pat. 1981, '35, 52; 
All. 1931, '39, 46) 
17. What are beats and stationary vibrations? Explain by composition ofi 


vibrations the production of beat and stationary vibrations. (Pat. 1937) 
18. What are stationary waves ? (C. U. 1947) 
19. Explain the terms, ‘nodes’ and ‘antiondes ; ‘forced vibration’ and ‘reso- 
nance’. (G. U. 1949; C. U. 1950; Pat. 1949) 


20. Distinguish clearly between ‘node’ and ‘antinode’ 
(Utkal, 1952; Del. H. $. 1949; Pat. 1943, °50) 
21. Write a note on stationary undulations. 
(Guj. U. 1952, °55 ; Bomb. 1950; Dac. 1942 ; Benares, 1958) 
22. What are nodes and antinodes? How will you demonstrate their 
existence ? What will be the effect on the distance between successive antinodes 
in a column of a gas by increasing its temp. and pressure ? 


(Del. U. 1939; Pat. 1929; C. U. 1950) 


CHAPTER VI 
MUSICAL SOUND : MUSICAL SCALE : DOPPLER EFFECT 


53. Musical Sound and Noise :—Sound may be divided into 
two classes (i) Musical sound and (ii) Noise. 


A musical sound is a continuous pleasing sound which is produced 
by regular and periodic vibrations ; sounds produced by a tuning-fork, 
a violin dr a piano are all musical sounds. 


Noise is a general term including all sounds other than musical 
sounds, It is discordant and unpleasant to the ear. 


The essential difference between a musical sound and a noise, 
generally speaking, lies in the fact that in the former case the 
vibrations are regular and periodic; while in the case of a noise, 
the vibrations are irregular and non periodic in character. It is, 
however, difficult to draw up a clear line of demarcation between a 
musi! sound and a noise; for in practice, musical sounds too are 
seldom free from irregularities of vibration; while, on the other — 
hand, in noises sometimes there is also regular periodicity of the 
motion. Sometimes noise is accompanied by musical vibrations as 
in the clang of a hell. Moreover, the difference is only subjective. 
The same sounds may appear to be musical or noisy to different 
persons and under different conditions. Therefore, the ditference is 
more artificial than real. 


54. Characteristics of Musical Sound :—Musical sounds may 
be said to differ from one another in the following three particulars :— 


(1) Intensity or Loudness ; (2) Pitch ; (8) Quality or Timbre. 


(1) Intensity.—It is the measure of loudness or volume of a 
note. It is an objective consideration and depends on the energy 
contained for unit volume of the medium through which sound waves 
pass. It may also be measured by the energy which passes por unit 
area placed normal to the direction of propagation of the sound. It 
is a charactoristic of all sounds whether musical or not. 


(i) Loudness depends upon the square of the amplitude or tho 
extent of vibration of the sounding body. When the body vibrates 
with greater amplitude, it sends forth a greater amount of energy to 
the surrounding medium, and, hence, energy received by the drum of 
the ear is also greater. So the sound becomes louder. 


The energy e of a body of mass m vibrating with velocity v and 
amplitude a is given by, 


2 2 
e= hmv? =ym (= = a (vide Art. 12); °. eea". 
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Therefore, the loudness of a note, which depends upon the energy 
of the vibration, is proportionul to the square of the amplitude of the 
vibration. 

(ii) The loudness: of a sound is inversely proportional to the 
square of the distance of the observer from the source of the sound 


(inverse Squzre Law). 


thus, the energy received by the observer at a distance of 2 
metres from the source is only one-fourth of the energy which she 
observer would receive when st a distance of 1 metre from the source. 


(Suppose it is required to compare the intensities of the sound 
ab two points A and B, distant r, and ra froma source of sound from 
which the total sound energy emanating per second uniformly all 
around is Æ. Draw two spheres with the source as centre with radii 
rı and rz respectively, The amount of energy flowing per second per 
unit wren at A normal to the surface .of the sphere=J4=intensity at 
A=HL/Axry". 


B SUVEL SORS Vg 
aana a SINTE RA That is, the 


Similarly, the intensity at B=Ip= 


intensity at a point is inversely proportional to the square of the 
distance.) 


(ii) The loudness of a sound depends upon the density of the 
medium in which the sound is produced. It is seen that the greater 
‘the density of the medium, the greater is the loudness of the sound 
heard. 

Tt is seen that some effort is to be mada to make oneself heard by 
‘another in aeroplanes or balloons when flying high up from the 
surfaca of the earth as tho density of air therein is small. For the 
same reason the sound is more intense in carbon dioxide than in air. 

(iv) Tho loudness of a Sound cenends upon the size of the 
vibrating body. 

If tho size be larger, a largar volumo of the medium i; put 
into vibration, and greater amount of energy will pass per unit area. 
So the sound heard will be louder. 

(v) Tho loudness of a sound is increased by the presence of reso- 
nant bodies, 

_ The sound of a tuning-fork, or a vibrating string in air, is much 
intensified when placed on a sounding-box which undergoes forced 
vibration. 


4 
(2) Piteh.— The pitch of a note is that physical cause which 
enables us to distinguish a shrill (neute or sharp) sound from a dull 
(fot or grave) sound of the same intensity sounded on the same 
musical instrument. It depends on the frequeney of vibration of the 
emitted sound. The higher the frequency the more shrill is the sound 
and we say that the sound rises in pitch. As pitch is directly pro- 


MUSICAL SOUYD: MUSICAL SCALE: DOPPLER EFFEOT 583 


portignal to frequency, it is customary to express the pitch of a note 
by its frequency. i 

The pitch is a fundamental property of a musical sound and a 
noise has no definite pitch. 

(3) Quality or Timbre.— The quality or timbre is that charac- 
teristic of a musical note which enables us to distinguish a note 
Sounded on one musical instrument from a note of the same pitch 
and loudness sounded on another instrument. + 

A musical note consists of a mixture of several simple tones ; of 
these thə one having the lowest frequency, called the fundamental, is 
relativelyethə most intense. Its frequency determines the pitch of 
the note, Notes of the same pitch and loudness sounded on two 
different musical instruments differ in quality from each other owing 
to the difference in the number of other tones (or overtone) besides 
the fundamental, their order of succession, and their relative inten- 
sities. Any difference in respect of. these factors introduces a difference 
in the wave-form of a sound. So simply it may be said that the 
quality of two sounds will differ if their wave forms differ (vide 


Fig. 26). Now even if two sounds are 
similar in respect of these factors, a jie 
change in their wave-form oceurs, if the 


phase-relations between the overtones tuning fork 
present in the two sounds are different. 

Helmholtz found experimentally that 

when any change in waye-form is due ee 


to difference in the phase-relationship 

of the overtones, the quality of the two 

sounds do not differ. That is, quality 

will differ when the wave-form differs clarinet 

only on account of difference in respect Fig. 26 

of the number of overtones, order of 

their succession, and their relative intensities. Helmholtz investiga- 
ted on the physiological effects of overtones also. Ho found that a 
note possessing the fundamental and the first few overtones not 
exceeding the sixth is very pleasing to the ear, while a note in which 
the fundamental has mixed up in it more overtones than the sixth 
and which are. relatively more intense, produces a metallic and harsh + 
effect. 

Since the quality of a note depends on the number of overtones, 
their order and their relative intensities, two notes, similar in pitch 
and loudness, but differing in quality, will have different waye- 
forms, though the wavelength and amplitude of their fundamentals 
may be the same, and so their pitch and loudness are also the same, 
So the nature of the displacement curve of a note represents its 
quality. 

55. Determination of Pitch :—Tho Pitch of a musical note is 
determined hy the frequency of vibration of the source of the note. 

« Determination of frequency may be made by the following mathods :— 
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(1) Savart’s Toothed Wheel.—This consists of four toothed 
wheels of equal diameter mounted concentrically on a spindle fitted 
to a whirling table (Fig. 27). 
The number of teeth on each 
wheel conforms to a certain 

ratio, e.g. 20, 30, 36, 48. 

A thin metal plate or a 
card-board O is clamped in 
front of the wheel so that it 

\ lightly presses against the teeth 
of one of the wheels ,W when 
it is in motion, and a sound 
formed by a series of taps is 
heard. On increasing the speed 
of rotation, musical sound is 
produced, the pitch of which 
depends on (a) the number 
of taps made in a given time, 

, and (b) the speed of rotation. 
Fig. 27—Savart’s Toothed Wheel W To determine the pitch of 
and Seebeck’s Siren D. a note, the speed of rotation of 
the wheel is gradually altered while the card is lightly pressed against 

a particular wheel until the note emitted by the wheel is in unison 

(vido Art. 5) with the given note. Now, ifm be the number of teeth 

in the wheel used, and n the number of revolutions per second, the 


frequency N of the note is given by, N=number of taps made per 
§6c.=™m Xn, 


(2) Seebeck’s Siren.— Seebeck’s Siren or Puff Siren consists of 
a circular metal disc D (Fig. 27) through which a number of equi- 
distant small holes have been drilled along concentric circles of vary- 
ing diameter. The disc is mounted on a whirling table. A stream of 
air blown through a narrow tube ending in a nozzle, by means of 
foot-bellows, is directed to piss through the holes in one of the rings. 
As the disc rotates, the stream of air through the tube is alternately 
stopped and allowed to pass through the holes, producing a series of 
puffs at regular intervals. To determine the pitch of a note, the rota- 
tion of the siren is adjusted until the note produced by the siren is 
exactly in unison with the given note. Now, if m be the number of 
holes in the ring used and n the number of revolutions per sec. made 
by the whirling table, the frequency N of the given note is given by, 
N=number of puffs made per sec. =m X n. 


Note.— The highest frequency up to which a note is audible varies 


from 20,000 to 80,000 per second and the lowest is about 20 per 
second, 


Example, The disc of a siren is making 10 revolutions per second. How 
many holes must it possess in order that it may produce four beats per second 


with a tuning-fork of frequency 484? Which has the greater frequency, the siren, 
or the fork? 
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Ans. The number of beats per second is numerically equal to the difference 
of frequencies of the two notes. Hence the note emitted by the siren must have 
a frequency of (484+4)=488 ; 01 (484—4)=480. 

The frequency of the note emitted by the siren, N=no. of holes in the 
sirenxno. of revolutions per second. .. N=no. of holesx 10. 

As the number of holes must be a whole number, N must be multiple of 10. 
So the value 488, which is not a multiple of 10, cannot be accepted. Hence, 
N=480. 


480=no, of holesx10; .*. The number of holes= 41? =48, Evidently 


the fork has the greater frequency, 


(3) Cagnaired de la Tour’s Siren.— 
This is a much improved form of 
siren by which the pitch of a note 
can be fairly and accurately deter- 
mined. In this siren (Fig. 28) a cur- 
rent of air is blown through a pipe 
into a wind-chest A, from which it 
issues through a ring of equidistant 
holes cut in the circular top of 
the wind-chest. Another dise hav- 
ing holes exactly corresponding with 
the holes in the top of the wind- 
chest, and very close to it, in such a 
way that it can rotate freely about 
a vertical axis. The two sets of 
holes are drilled so as to slant in 
opposite directions, as shown in Fig. 
98, so that the pressure of the air 
at the time of escaping through the 
holes causes the upper dise to 
rotate, the number of rotations 
being counted by a speed-counter S P 
geared to the axle of the disc. Air 
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from Bellows 


Every time the holes in the two Fig. 28—Oagnaired do la Tour's Siren 
rows coincide at the time of rotation 
of the upper disc, a jet of air escapes from each hole in the upper disc 
and, if there are m holes in each of the discs, there will be m puffs 
for one revolution of the disc. Of course, each puff will consist of 
m separate jets, but, as they take place simultaneously, they are 
regarded asa single puff. Now, if m be the number of revolutions 
of the dise per second, the frequency N of the note emitted is equal 
fo mXn. 


(4) Resonance of Air Column.-In the relation V=4nl in 
Art. 75, if V and J are known, the frequency n can be determined. 


(5) Method of Beats.—The frequency can also be determined 
by the method of beats, as explained in Art. 47. 


586 INTERMEDIATE PHYSICS } 


(6) Sonometer.—By tuning a vibrating string of a sonometer to 
unison with a given note, the frequency of the note can be deter- 
mined by the for.nula, given below, if the tension T, and m the mass 
per unit length of ths vibrating string, are known— 


1 Ys 
ORN m (vide Art. 68). 


(7) Direct or Graphical Method : (Duhamel’s Vibroscope)— 
The frequency of a vibrating fork can be determined by the graphical 
method. A sheet of smoked paper is wrapped round a cylindrical 
drum which can be rotated uniformly by means of a handle “attached 
to it (Fig. 29). A thin metal style is attached to one prong of the 
tuning-fork which is so arranged that 
it can vibrate parallel to the axis 
of the drum and the style just 
touches the smoked paper. As the 
drum is rotated, the style will trace 
a wave line on the paper. If at the 
time of the yibration of the fork, 
two points can be marked on the 
wave line on the smoked paper at 
an interval of half-a-second, or one 
Second, the frequency of the fork can 
be determined by actually count- 
ing the number of complete vibrations between the points, 


Fig. 29—The Duhamel’s 
Vibroscope. 


In order that the amplitude of the waves traced out by the style 
may not decrease owing to effects of friction, in actual practice the 
fork is excited and its vibrations are maintained electromagnetically. 


style on the wavy line traced on the smoked paper, The number of 
vibrations made by the fork in the rated interval (and hence the 


(8) Falling Plate Method.— In this expt. an arrangement is so 
made that a plate may fall freely under gravity. A glass plate P 
blackened Preferably by camphor-smoke is suspended vertically by 


the plate is released by burning the thread between the hooks. As 
the Plate falls under gravity, the style draws a wave-trace [Fig. 30(b)} 
of steadily Increasing wavelength upon the smoked glass, 


$ 
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Ignoring waves at the beginning which are very crowded (and not 
suitable for counting), choose two 
lengths AB and BC having the same 
number of complete waves. 


Let the velocity of the plate at 
the point A=u, and the time re- 
quired by the plate to fall through 
the distance AB or BO=t. Calling 
AB=1, and BOC=1,, we have 
1, = ut+3g¢". The velocity at B 
being (w-hgt), we have lo = (u +gi)lt 
e rt? p 


ta (la =l) =gt? + or, taqe 
ae Gime) 
If n be the frequency of the fork 
F and m the number of complete 


(a) (o) 
Fig. 30—The Falling Plate Method. 


waves between AB or BO, we have nt =m 


aL aun eS 
a= =m WA 7 <. from (1) 


N.B.— This method has the disadvantage that by attaching the 
style to thë prong, the frequency of the fork is altered. Also there 
may be some friction between the plate and the style by which the 
free rate of fall of the plate is affected. 


Example, A small pointer, attached to one of the prongs of a tuning-fork, 
presses against a vertical smoked glass plate. The fork is set vibrating and the 
glass plate is allowed to fall. If 30 waves be counted in the first 10 cms, find 
the frequency of vibration of the fork. (g=980 ems. /sec?.). (Pat. 1943) 


Ans. We have, the distance fallen through, S=ut+4gt?, but here u=0, S=10; 


1 1 
10=q9¢? ; or, hatter or, t=7 sec. 


As 30 waves are counted in } second, we have frequency, n=30+4=210, 


56. Musical Scale :—We express the pitch ofa note by the 
number of vibrations per second, but pitch can also be expressed by 
what is known as the musical method. In this method certain sounds 
constitute what we call a musical scale. This musical scale used for 
many centuries by most of the European countries is called the 
major diatonic seale, which affords the simplest and the most pleasing 
succession of notes in anascending order of frequency. This scale 
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consists of eight notes, the lowest one, i.e. the fundamental enote, 
is named do, and others re, me, etc. and they are generally designated 
by the letters O, D, E, F, G, A,B,C’. The note from which the 
scale starts is called tha tonie or key note. 


Interval.— The ratio of the frequencies of two notes expresses 
the interval between them. Thus the interval of two notes having 
frequencies 256 and 192 is $§§=$; 512 and 256 is $12=2, and so on. 
Tt is the interval which is detected by the ear. In changing from one 
frequency to another, the change-over is not recognised by the ear 
if the ratio between them is constant, wheatever might be „the actual 
frequencies concerned. Certain intervals have names; thus Ê is 
called the octave ; $ the fifth ; $the fourth ; £ the major third ; 
$the minor third. 


Any two intervals are added together by taking the product of 
their frequency ratios. For examples, major third and minor third 
=4x$=$= fifth. Again, fifth and fourth = $x $= 4 = octave. 


57. Some Acoustical Terms :— When the two notes have the 
same frequency, i.e. their interval is 1, they are said to be in unison. 
Two notes when sounded together, are said to be concord or con- 
Sonance when they give a pleasing sensation to the ear. This 
happens when the interval between them is a simple ratio such as, 2 

+ to 1, to 2, ete. But, if the ratio is complex such as, 9 to 8, 15 to 8, 
to. they produce an unpleasant or harsh effect and they are said to 
hein discord or dissonance. 


According to Helmholtz the cause of dissonance is the production 
of beats by the interference of the notes. The beats produce a jerking 
elfect on the ear-drum and are discordant just as flicking of light 
is disagreeable to the oye. 


The pleasing effect produced by sounding two notes, which are 
in concord, one after another, is called melody ; and when they are 
produced simultaneously, the pleasing elfect is called harmony. When 
three notes of frəquəncies in ratios 4:5:6 are sounded together, 
they form a concordant combination which is called a musical triad 
(og. O: 2H: G), and, if a triad is sounded with an additional note 
which is the octave of the lowest note of the triad, the combination 
is known asa chord, When one musical instrument alone, such as a 
violin or a flute, is played upon, the performance is called a solo, 


Octave.— One note is an octave (GK. okto, eight) higher than 
another, when their intervals is 2:1. These notes when played 
together produce the most Pleasing combination in the musical scale. , 


re Sear 


> 
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: The names and the relations between the notes of an Ostave are 
Siven as follows— 


| 
Name (Western system) Do re me | fa sol | la te do 
| 
» (Indian Ti) Sa re ga ma pa | dha ni sa 
Symbol Bae Bs (0) D | E F G A B o 
. 
Actual Frequency + 256 |288 |320 |341'3| 884 |426"7 | 480 |512 
= | i 
Relative Frequency ... 24 27 30 82 86 40 45 48 
| 
eS | 
Interval between 
C and each note } si $ t $ à $ x f 
Í ir | | 
Interval between each 9 10 24 a 10 9 8 
note and its predecessor f 3 Gà as t x. te 


——————— S 


Intervals and their special names 


$n 
1: 1 Unison :3 Fourth 
16: 15 Semitone (or limma) 3:2 Fifth 
10: 9 Minor tone 5:8 Major sixth 
9: 8 Major tone 8:5 Minor sixth 
6: 5 Minor third 15:8 Seventh 
5: 4 Major third 2:1 Octave 


It will be noticed that there are five black keys inserted between 
all the consecutive notes except the 3rd and 4th, Tth and 8th. 
The first of these is named C sharp, second D sharp, third F flat, 
fourth G flat, and fifth A flat. 


N.B.—The intervals in the “Major diatonic scale are a major 
tone, minor tone or semi-tone. As there are three major tones (D: O, 
G : F, and B: A), the major diatonic scale is so called. 


Example, Taking the frequency of vibration of C to be 256, find the note 


which makes 320 vibrations per sec. 
Ans. Let x be the vibration ratio or the interval between the two notes, then 


abao 
256x2=820. ~. @= Fee 8. 


g is the interval between the notes Æ and C ; hence the required note 


is E, 
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58. Tempered Seale :— Moče music requires frequent change 
of the tonic. Wor such changes to be possible in the Major Diatonic 
Scale, a very large number of keys has to be employed and this 
will mike the instrument unmanageable. The problem with the 
diatonic scale was, therefore, how to maintain flexibility of the scale 
without undue complication being necessary. The solution was 
the tempered seale in which, besides the usual eight keys, five 
additional intermediate keys haye been introduced, and the interme- 
diate keys have bsen slightly altered in frequencies to make all suc- 
cessive intervals equal. Thus, to a very large extent, change of tonic 
(modulation of scale) has been made possible and, at the same time, 
the simplicity of the instrument has been retained. > 


59. Doppler Effect :— It will be noticed that the pitch of the 
whistle of a train appears to rise whon the train approaches the hear- 
Ər and it falls as the engine recedes from him. Similar effect is noticed 
‘when a motor car passes at high speed. Such apparent change in 
the pitch of a nota as perceived by an observer due to the relative 
motion of the source, the observer or the medium is called the 
Doppler effect after the name of the Austrian physicist Christian 
Doppler (1803-52), 


Apparent Frequency.—The apparent change in pitch perceived 
by an observer due to the motion of the source, observer and the 
medium calculated as follows :— 

———— > 


S Sı MM, 001 WW, 

Let S and O represent the positions of the source and the observer 
respectively and the distance SM or OW be equal to the velocity of 
sound V in still air. Suppose that the source, the observer, and the 
medium are all moving ia the same direction from left to right. Let 
the velocity of the source (Vs) be equal to SS,, ie. the distance passed 
over by the source in one second, and similarly the velocity of the 
observer OO, (=V,) and the velocity of wind, MM, = WW, =w., 


At some instant of time, when the observer is at O, let a wave 
reach him for the first time. ’ After one second, that wave will be at 
Wi, for the wave travels a distance OW in still air and the air- 
medium moves through a distance WW, in that second in that 
direction. All the waves received by the observer in that second are 
Confined between 0,W,, since the position of the first wave of that 
second is at W, while the last wave is received by the observer when 
at O1. The length occupied by the waves, 0; W, = V+w-F,, 


Now turning to the source end, the first wave was sent out by the 
source while at S and the last wave while at S, in the particular 
second under consideration. All the Waves emitted in that second 
are confined between S; and M, because the first wave reaches M, in 
that second having travelled over SM in still air and the air-medium 
having moved through MM,. Thus all the waves sent out by 
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the gource in thit second are contained within the length SıM, = 
V+w- Vz. 


Tfn be the real frequency of the source, it emits n waves in one 
second which occupy a length V+w—V,. If the apparent frequency 
as psresived by the observer under the circumstances as stated above 
be m1, then nı waves are contiined within the length V +w- Vo. 


Baste: iets ings een as Vint Bi gals: Were 
O, we have, n, : n Dray i 07%, My =n Vw- V, 

N.B.—The velocity of the source, or of the observer, or of the 
medium, will be zero when at rest. Proper signs positive or negative, 
shall have to be assigned to them depending on the directions in 
which they move. Reməmbar tha observer moving away from the 
source is positive, the source moving towards the observer is positive 
and the wind moving towards the observer is positive in the aboye 
calculations and so opposite directions will be negative. 

Examples. (1) What is the apparent frequency of the sound of a whistle of 
frequency 600 from an engine which is approaching an observer at rest at 10 
metres per sec. ? (Velocity of sound=332 metres per sec.). 


Ans. Here V=0, w=0 and Vs =10 metres per sec, 


` ean tele 
.. Apparent frequency, n,=nx Viw=Ve 
382+0-0 _ 332 ’ 
=600x 333 +0- 107 900 399 7819 (approximately) per sec, 


(2) Calculate the apparent frequency of the note of a whistle of frequency 
1000 per sec. heard from a train which is approaching the station at 45 ft. sec. 
where the whistle is blown (velocity of sound=1100 ft. /sec.). 


Ans. Here Vs =0, w=0 and Vo = —45 ft./sec. 
$ V+w-Vo 
-. Apparent frequency, n, nX FF Zy 
—(—45 r, 
LOO OA) W Tago s LS per sec. 


T00 x “710040 =0 1100 


Questions 


1. What are the factors determining the loudness of musical note ? 
(East Punjab, 1952, ”53) 
2. Distinguish clearly between ‘loudness and pitch’ of musical note. On 
what physical conditions of the sounding body do they respectively depends ? 
(C. U. 1909, *12, "14, "19, '21 ; Pat. 1924, "28; All. 1924; Dac. 1929, *51) 
3. On what do loudness, pitch and quality of musical sound depend ? 
(C. U. 1981; All. 1926; Dac. 1928, "31; Pat. 1928, "39) 
4. What is the essential feature of a musical note which distinguishes it 
from noise ? (Pat. 1948, '49; East Punjab, 1953 ; C. U. 1931) 
5. How would you distinguish between (a) musical sound and noise, and 
(b) one. note from another ? 
6. Distinguish clearly between ‘msuical sound’ and ‘noise’. 
(Ana. U. 1950; Utkal, 1952) 
7. How will you explain the difference between pitch and loudness of sound 
by comparing the roar of a lion and the buzzing of a mosquito ? (AIL. 1927) 
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[Hints.—The buzzing of a mosquito is due to the motion of its wings which 
vibrate several hundred times a second ; so the frequency and consequently the 
Pitch of this sound is high ; but as the energy put forth is small and as the loud- 
ness depends upon this energy the sound is feeble. On the other hand, the 
lion being very strong, energy put in the roar is great and so the sound is of 
high intensity or loudness, but of low pitch as the frequency of vibration of 
the sound is small.) i 

(a). What is the difference between a noise and a musical note ? How do 
you know that musical notes of different pitches travel with the same velocity ? 

An under-water microphone is attached to the prow (fore part) and another 
to stern (tail-end) of a submarine 110 ft. long. The submarine is pointing north. 
A sound whose frequency is 240 vibrations per sec. originates in the water ata 
point 600 ft. due east of the prow. Show that a wave-crest reaches one micro- 
phone at the same instant as the wave-trough reaches the other. Velocity of sound 
in water=4800 ft./sec. (Bihar, 1954) 

8. How do you explain why audible notes from different sources can 
generally be distinguished one from another, even when they have the same 
intensity or pitch? Describe experiments in order to demonstrate the correct- 
ness of your answer. 

9. What is meant by ‘musical scale’ ? (All, 1946) 

10. Trace the sounds coming from a violin, a flute, a harmonium and a 
piano to the ultimate source. How do these sounds differ from one another 
and why ? (Pat. 1982) 

11. Write notes on ‘Timbre’. (Pat, 1947) 

12. What do you understand by the pitch of a note ? 

Explain a method of experimentally determining the pitch of the note 
emitted by a given tuning-fork. 

(Del. H. S. 1947, '52; C. U. 1917, '32; Pat. 1926, *47, "48, '49; All. 1919, 
"21, '24; Del. 1942, *47) 

13. Give a brief account of the various methods of determining the 
frequency of a fork and discuss their merits, (All. 1928 ; Pat. 1936) 

l4. Describe a siren, giving a diagram and explain how you would use 
it to determine the frequency of a given tuning-fork. 

(C. U. 1921, '28, '30, "40, "53; Pat. 1920, '21, "37, '40 ; Dac. 1927 ; G. U. 1949) 
„ l5. The disc of a given siren has 32 holes. A tuning-fork makes 512 
vibrations per second, What must be the speed of_rotation per minute of the 
siren disc so that the note emitted by the siren may be in unison with that 
emitted by the tuning-fork ? (C. U. 1910; G. U. 1949) 

[Ans. 960 per min.] 

16. The disc of a siren is making 10 revolutions per second. How many 
holes must it possess in order that it may be in unison with a tuning-fork of 
frequency 480 ? (Dac. 1932) 

[Ans. 48] 

17. A cog-wheel containing 64 cogs revolves 240 times per minute. What 
is the frequency of the musical notè produced when a card is held against the 
revolving teeth. Find also the wavelength corresponding to the note if the 
velocity of sound is 1126-4 ft. per second. 

[Ans. 256 : 4-4 ft.] 

18. How would you determine experimentally the absolute value of the 
frequency of a tuning-fork ? Illustrate your answer with a neat sketch of the 
arrangement described. (Pat. 1941) 

19. Give a brief account of the various methods employed in measuring the 
frequency of a tuning-fork and describe one method in detail. 

(All. U. 1921; Pat. 1951; C. U. 1955) 
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20. Define musical Genadi harmony, melody and chord. Show that the 
interval sa and ga obtained by multiplying the intervals sa and re and ga but 
not by ‘adding them, (Pat, 1928). 

21. Explain what is meant by-the pitch of a note. A note of frequency 
884 is said to be a ‘fifth’ higher in pitch than one of 256, What is the frequency 
of the note a ‘fifth’ higher than the 384 note, and what is the difference in 
pitch between it and the 256 note ? 

[Ans. 576; 820] 

22. A siren haying a ring of 200 holes is making 132 revolutions per 
minute. It is found to emit a note which is an octave lower than that of a 
given tuning-fork. Find the frequency of the latter. (C. U. 1944; G. U. 1955) 

[Ans. 880] 


` 


CHAPTER VII 
VIBRATION OF STRINGS 


60. Vibration of Strings :—In sound a string is usually under- 
stood to mean a wire or a cord of any material, which is flexible and 
uniform in cross-section. These conditions are found to be satisfac- 
torily fulfilled by thin metallic wires or catgut. Strings may vibrate 
in two ways: transversely and longitudinally. A string can be vibrated 
longitudinally by rubbing it along the length with a piece of chamois 
leather covered with resin, or by a piece of wet flannel. It can be 
vibrated transversely by plucking it to a side, by bowing it witha 
violin bow, ete. When a stretched string is plucked to one side, it 
tends to return to its original (straight) position of rest. But owing 
to inertia that it possesses, it overshoots the mark like the motion of 
a pendulum and goes over to the other side and goes on swinging 
to-and-fro with gradually decreasing amplitudes and after sometime 
it stops. The vibration in this case is mainly due to the tension in 
the string, which, when the string is deflected, tends to bring it back 
to its initial straight position, In stringed musical instrwments, only 
the transverse vibrations of strings are employed. f 

61. Reflectionof Waves in Transverse Vibration :—(a) Reflec- 
tion of waves in a string.—Let a wave travelling along a wire, say from 
left to right, meet a fixed support and let the wave meet the support 
jn the form of a crest. The end of the wire will exert a force on the 
support tending to moye it in the direction of the force. Then 
according to Newton’s Third Law of Motion, the support will react 
and exert an equal and opposite force on the wire which causes a 
rebound, so that the pulse is thrown over the other side of the string 
and starts a reversed pulse travelling back along the string from right 
to left. Thus, in this case reflection takes place at the fixed ends with 
change of type. A crest is reflected back as a trough anda trough 
is reflected back as crest. It should be noted, however, that in the case 
of -water-waves, which are transverse waves, a crest meeting a rigid 
wall is reflected back as a crest and a trough is reflected back as a 
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“trough like longitudinal sound-waves (vide Art. 36), and the import- 
"ant difference between the reflections of sound waves at the closed and 
_ open ends of a pipe should also be noted (vide Oh. VIII). 


(a) Reflection of Water-wave-—When a water-waye travels 
along, it has both potential and kinetic energy. Part of the energy 
is potential, because a force must have been applied to and work 
done upon the water to raise it above its normal level, and a part is 
kinetic, because the molecules are in motion, When the waves striko 
‘a rigid wall or a denser medium, the motion of the molecules towards 
the wall is arrested, their kinetic energy is reduced, which is then 
converted into potential energy, thus increasing the amount of poten- 
tial energy. So the average elevation of the water in tke crest is 
increased and the water is piled up against the obstruction, which 
then runs down and away from the wall producing a crest like the 
original wave and travelling in the opposite direction. Thus, in the 
case of a water-wave meeting a rigid wall, a crest is reflected as a 
_ rest and similarly a trough is reflected as a trough. i 


_ 62. Stationary Waves in a String :— When a strotched string 
_ is plucked aside, a wave will travel along its length with a definite 
velocity. The transverse wave will be Propagated to both ends and 
will be reflected at these points. If a complete wave consisting of a 
cress and a trough is sent along a string crest first, it will return 
as trough first after reflection at the fixed end. These reflected waves 
will return to the centre of the string whon they pass each other, and 
go on to the ends to be once more reflected and so on. These incident 
and reflected waves, travelling to-and-fro along the string in opposite 
directions with equal velocities combine to form transverse station- 
ary waves whose positions of nodes and antinodes are fiwed (vide 
Art, 50). 


63. The velocity of Transverse Waves along a String :— 
When a string stretched under tension, is displaced laterally, transverse 
waves are set up in it, The 
Waves travel along the string 
with a yelocity dependent on 
the tension and the linear 
density of the string. 


Suppose the string cc 
stretched under tension T [Fig. 
31] is displaced perpendicular- 
ly to its length so as to make 
transverse vibrations (through 

Fig, 31, plucking, bowing or striking), 

dua to which, suppose, the 

summit, ab of the displaced position, is bent into the are of a circle. 
The transverse waye travelling along the string from left to right with 
velocity V may be imagined to be due to the hump also travelling 
with the same velocity. For the circular motion of an element near 


er 
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the summit Æ of the hump, the necessary centripetal force is supplied, 
by the tension at a and b. 

Suppose aE = Eb and O, the centre of the curvature aEb. Let the 
angle «OE be 9. Join Oa and Ob. Draw tangents T at a and b, 
representing the tension of the string which produced backwards 
meet at Pon OE. Suppose the length aHb is S, mass per unit length 
of the string is m, and the radius of the curvature is R. 

The components of the tension T ata and b in the direction PO 


(exch equal to T sin 9) constitute the centripetal foreo = "SV on the 


hump, while the components of T at rt. angles to PO cancel each other. 
Therefora 

3 

zs T. 2 T sin 0=2T9 (approximate!y) 


na apx 88-8, 
("69 is very small)=2TX RoR 


64. Frequency of Transverse Vibration of Strings :—The 
velocity of a transverse wave along a stretched string is given by, 


AST / My 
v= TEJA us wel) 


where Z’=tension of the string expressed in dynes; m=mass in 
grams per unit length of the string ; M= mass of load on the string. 
When the string gives out its fundamental, i.e. the note of the 
lowest pitch, the length of the string, l cm.=distance between two 
consecutive nodes=/2 (vide Fig 32). 
From Art. 8, V="A= nl. 
Substituting the value of Vin (1), we get, 


Shi ih Me ey TE 
TENES or, 2=5) v£ ive a (B) 


Again, if ø be the density of the material of the wire and 1 be its 
radius, then m=7r?p, and so we have from (2), 

EAE Lin fDi lyy 

3l rap DA xo eT as cre ters (3) 
where d is the diameter of the wire. 

65. Laws ef TransverseVibration of Strings :— From formula 
(2), we get the following laws for the transverse vibration of strings :— 

(1) Law of length—The frequency of a note emitted by a 
string varies inversely as the length, the tension remaining constant ; 
that is, x°<1/l, when T and m constant. 

(2) Law of Tension—The frequency of a note emitted by a 
string varies directly as the square root of the tension, the length 
being kept constant ; that is n-e v T, when l and m are constant. 

(3) Law of Mass.—The frequency of a note varies inyersely as 
the square root of the mass per unit length of the string, the length 


n 
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? 
and tension remaining constant; that is meoi//m, when 1 and T 
are constant. . 

Again, from formula (8), the law of mass may be put into two 
additional laws for strings of round section as given below : 

3(a). Law of Diameter—The frequency of the note produced by 
a string varies inversely as the diameter of the string, length and 
density of the material of the string and tension remaining constant ; 
that is, me1/d, when J, p and T are constant. 

3(b). Law of density—The frequency of the note emitted by a 
string varies inversely as the square root of the density of the mate- 
tial of the string, length and diameter of the string and tension remain- 
ing constant, that is n=<1//p, when l, d and T are constant, 

66. Experimental Verification of the Laws of Transverse 

| Vibration of Strings (by Sonometer) :—The laws of transyerse vibra- 

a tion of strings can be verified 
by means of an instrument, 
called the sonometer. It 
consists of a hollow-wooden 
box AA, on which one or 
more wires can he stretched 

Fig. 32—The Sonometer. (Fig. 82). Each wire is 

attached to a peg at one end 
and passes over two wedge-shaped hard wood B, Bx, called the bridges 
and a pulley at the other end. The string is kept taut by weights Æ 
attached at this end. A third bridge O can be placed in any position 
between the other two in order to set any desired length of the string 
into vibration, 

Law l. To verify n <1/l—To verify the law of length, two 
tuning-forks of known frequencies n,, and na are taken. One of the 
forks is made to vibrate, and, altering the position of the movable 
bridge O, the length BC of the sonometer wite (under a given tension) 
is so adjusted that the note emitted by that length of the wire, when 
plucked in the middle, is in unison with the note yielded by the fork 
(vide Art. 67). Then the frequency nı of the fork is equal to the 
frequency of the wire of length lı. Repeating the experiment with the 
other tuning-fork, another length of the wire is similarly determined. 
Let ne be the frequency of this fork, and la, the corresponding length 


of the wire, it will be found by experiment that “= 7? sor, mla 
2 1 


=nals. Repeating the experiment with other forks, it will be found 
that 711; =nala=nsls; ete. ; i.e. nl =a constant which verifies the law. 

Note that the same wire is used and the tension is kept the same 
ly adjusting the length of the wire for unison with the different 

forks. 

Law 2. To verify n-<V/T.—Stretched another wire called the 
comparison wire, by the side of the first wire. Let Tı be the tension 
on the first wire. A length of the comparison wire is then adjusted 
which is in unison with the note yielded by the first wire. 


€ 
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Let the length be Z,. Now increase the tension on the first wire 
to Ta ; so the frequency of the note emitted increases. Again another 
length lə of the comparison wire is found which is in unison with tho 
note of the first wire. Let n, and na be the frequencies of the 
notes of the comparison wire of lengths lı and la, and so of the first 
wire corresponding to tensions T, and T, raspectively. We have, by 

nı _ la 


the law of length, seu Again, it will be found by the experi- 
2 ly 


la Ty n T 
ment that — = . So, = ,/ —. 
My Ts 4 Ne g 


By applying different tensions T, , Te, Ts, etc. to the first wire 
and determining the corresponding attuned lengths lı, la, Js, etc. for 
which the respective frequencies are nı, na, Ns, etc. it may be shown 
that n/V T is constant. This verifies the law of tension. 


Law 3. To verify n<i/Vm.—To verify the law of mass, two 
wires of different miss per unit length are taken. The wires may be 
of the same material or of different materials. One of them is 
stretched by the side of the comparison wire by a suitable load. 
Taking any length of the wire whose mass per unit length is mı, a 
length lı of the comparison wire is determined, which is in unison 
with the note of the first wire. Replacing the first wire by the second 
wire of mass Mma pər unit length, and keeping the tension the same, 
the above experiment is repeated, taking the length of the second wire 
same as that of the first. A length le of the comparison wire is found 
which is in unison with the note of the second wire. Then a measured 
length of eich of the two wires is taken, and each of them is weighed. 
From these weights, mass per unib length (m, and msg) for the two 
wires is found. 

Let 2, and na be the frequencies of the lengths lı and Za of the 


l oa 
comparison wire. We have, by the law of length, --= 7 and it is 
i 2 1 
found by the experiment that Ja. = Ay a 
i Mı 


Hence, *+ = af Bs + or, nı Vm, =ne Vma. Repeating the experi- 
Ne ji 

ment with other wires of different mass per unit length, it will be found 

that nym =a constant. This proves the law of mass, 


Law 3(a). To verify n<1/d.—Take two wires of different diameters 
but of the same materiil and proceed just as in the above experiment 
(Law 8). Let l, andl, be the lengths of the comparison wire which 
are found to be in unison with notes produced by equal lengths of 
the two wires having diameters d, and da respectively . Now measure 
dı and dẹ with a screw-guage. From Law 1, we have ni/ng= la/s, 
and it will be found by experiment that 12/1, = de/d1. 

Hence, mio fs: which verifies the law. 
na di 


Law 3(b). To verify n=1/VP.—Take two wires of different 


Hy Moving the movable bridge until the rider is thrown off. 
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materials but of the same diameter, and repeat the experiment exactly 


P 
as in the verification of Law 3(a). It will be found that “= “/ °: 


Ng P 
This verifies the law. 

N.B.—It should be noted that this experiment gives a method of 
determining acoustically whether two wires are made of the same 
material or not. 

67. Notes on Tuning :—In tuning two strings, or a tuning-fork 
and a string or any two notes, the following two methods may generally 
be adopted : ” 

(i) “By Resonance”.— Tune as nearly as possible by ear. Then 
Place an inverted V-shaped paper rider, or a thin wire rider, on the 
middle of the string, and place the stem of the vibrating tuning-fork 
on the sonometer box. It will set the string into vibrating by reso- 
nance and the rider will be thrown off, if the tuning be accurate. Tf, 
however, this does not occur, adjust the length of the string by 


= Gi) “By Beats”.— By adjusting the length of the string by the 
moveable bridge until the two notes (of the string and of the fork) are 
very nearly of the same frequency, beats will be heard, i.e. the 
resultant souni will appear to give alternate maxima and minima of 
loudness. On adjusting the length still further, beats will become 
slower, and will cease entirely when tuning is exact, i.e. when the 
frequencies of two notes are exactly equal. 

68. Determination of Pitch of Sonometer :—(a) The fre- 
Quency of a note can be determined either by keeping the length of the 
Sonometer wire constant and adjusting the tansion, or by adjusting 
the length of the wire keeping tha tension constant, until the string is 
in unison with the note, the pitch of which is to be determined. Tho 
latter method is, however, convenient. If the frequency of a tuning- 
fork is to be determined, its stem is lightly pressed against the sono- 
meter box after it is made to vibrate. The resonant length of the 
wire is then measured and the mass of the string per unit length is 
determined. The stretching weights is noted ; the tension is calculated 
by multiplying it by the acceleration due to gravity, The frequency 


n is then calewatel by the formula, n= PVEN 


N.B.—By knowing n, the density of the material of tho wire can 
be determined from formula (3), Art. 64. 


(b) Tle pitch of a tuning-fork can also be determined by taking 
another standard fork of known frequency and then determining as 
above a length of the same wire stretched by the same weight until 
this fork and the wire arə in unison again. If n be the frequency of 
the standard fork, n’ the unknown frequency, and Z and J’ be the 


corresponding lengths of the wire, we have, r= iB whence x’ can 


be determined. 
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69. Certain Terms :— 


Note, Tone.—A note is a general term denoting any type of 
musical sound. The musical sound is a complex sound made up of 
two or more simple component sounds of difierent pitches. Each of 
the simple component sounds is called a fone. A tone cannot further 
be divided into simpler components and, therefore, has a single fre- 
quency. In other words, a tone is a sound of single frequency, while 
a note consists of some pure tones. 

Fundamental, Overtone, Harmonic and Octave. —When a body 
vibrates, Generally there are present in the note several tones of 
frequencies which are multiples of the frequency of a fundamental, 
which is the tone of the lowest pitch. The other tones, except the 
fundamental, are called overtones. When the frequencies of the 
overtones are exact multiples of the frequency of the fundamental, 
they are, in particular, called harmonics. 

The tone whose frequency is twice that of the fundamental is 
said to be an octave higher, or called the first barmonic, of the 
fundamental. All tones of frequencies between any number n and 2n 
are said to be in the same octave. 

70. The Harmonics of a Stretched String :— (i) A string can 
be made to vibrate in different modes. When it vibrates as a whole 
it is the simplest mode of its vibration. Such vibration is produced 
when the string is plucked at its centre. It has been pointed out in 
Art. 62 that when a string vibrates the waves generated are reflected 
from the fixed ends, and the incident and the reflected waves give 
rise to transverse stationary waves having definite nodes and antinodes. 
In the present case there will be produced two nodes N, N at the 
two fined ends, and one antinode A in the middle as shown in Fig. 
38(I); in this case the length of the string, J=A/2. 

n= vf. But the string may vibrate in other ways also, 

(ii) If the string be plucked at a point one-fourth the length of 

the wire from one end, and at the same time the middle point of the 


wire is lightly touched, it will N N 
vibrate in two segments. In this [I A ee 
manner of vibration there are three FUNDAMENTAS 


nodes and two antinodes as shown 


in Fig. 83(II). In this case 1=A ence 
“mi =V/Ly or, ny =n. T nN —A— WE = 
This tone is an octave higher OCTAVE 


and is called the first harmonic of 
the fundamental tone. 

(iii) In the next mode of vibra W 
tion, if the string is held at one- 
third of its length and if the middle 
of the shorter segment is bowed 


SECOND HARMONIC 
Fig. 33 
the wire will vibrate in three segments and in that case there 
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will be four nodes and three antinodes as shown in Fig. 83(I1I). In 
this case A=#1; <. m=; or, na= Sn. 


This tone is called the second harmonic of the fundamental tone. 
Tn this way it will have all the odd and even harmonics. But if the 
bowing is at random such that the segments into which the string 
vibrates are not regular, tones will also be produced which are not 
exact multiples of the fundamental. These higher tones are called 
Upper tones, or Overtones or Upper partials. 


Examples, (J) An iron wire of 3 inch. diameter is stretched by ù weight of 
224 Ibs, Find the velocity of the transverse wave along it (specific gravity of 
iron is 7'8). 


Ans. We have, v=,/%. Here density of iron=62°5 x 7'8 lbs, per cu. ft. 
i Again m=r(i X$ X yh)" X62'5X7'S Ibs. per ft. 


aye: T=224x32 poundals ; whence V=3115 ft. per sec. 


vA th (2) A tuning fork is in unison with the fundamental tone of a stretched 
E ‘and the observed readings are the following — 


© (@ Length of the string=35 cms. (by Mass of 1 metre of the string=0'323 


(œ Loads applied=4 kilograms. Calculate the frequency. (Pat. 1924) 


. Here, 1=35 cms. ; m= 9338 =0-00898 gm. per cm. ; T'= (4 x 1000 x 981) dynes. 


oR Sa 
We have, n= V Zar EVA sopo x 88 ; whence, n=497 per sec. 

(3) The length of a sonometer wire between two fixed ends is 100 cms. 
Where should two bridges be placed so as to divide the wire into three segments 
whose fundamental frequencies are in the ratio of 1 ;2:3. (All, 1917) 

Ans. Let the segments be l, I, and J; and let n be the frequency of the note 
given by 4; then the frequencies of the other two notes are 2n and $n respec- 
tively. Each of the above segments represent the distance between two bridges, 
áe. two fixed points which are nodes. Hence for the fundamental tone 1=),/2, 
1, =Na/2, 1s =Ag/3, when M. A. and às are corresponding wavelengths. Thus we have, 
ES P 5; V=2nd, =4nl,; and V=3r\,=6nl,, when V is the velocity of 
sound, 


. V=2nl, =4nlg=6nl, ; or, 1, =21, =31;. 

But 14+/,+1, =100; or, 3l, +l +l,=100; or, l; =100. 

ws l=% cms. ; 1p =} x Y= coms. ; 1, = 24729 = e oma, 

That is, the first bridge, should be placed ata distance of *PP cms. or 54°55 


ems. from one end, and the second at a distance of *9 cms. or 27°27 oms, from 
the first bridge, or, 81°82 cms. from the same end, 


e Uy =a of 100= 9? cms. ; 1, = yr of 100=49° cms. ; l, = yy of 100= Poms. 
(4) A wire 50 cms, long and of mass 65 gms. is stretched so that it makes 
80 vibrations per second. Find the stretching force in grams-weight. 


How would you double the frequency (i) by changing the length of the wire ; 
(ii) by changing the tension in the above case? (All. 1925) 


SS 
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Ans. The frequency of the note is given byn= —, 

m. 

Here l =50 oms., n=80, m (mass per unit length) =6'5/50, T=? On calculation, 
= 8'5X 80x80 x 100 x100 


50 dynes. 
.". The stretching force in grams-weight= 580x 80X 100x109 _ surg. 


_ (i) The frequency may be doubled by reducing the length of the vibrating 
wire to one-half of its former length ; (ii) noc 7; hence frequency may be 
doubled by increasing the tension 4 times, i.e., by applying 4 times more weight. 

(5) Atuning-fork gives 15 beats per second when sounded with a sonometer 
wire of length 20 cms. and 20 beats with that of length 25 cms. Calculate the 
frequency of the fork. The tension and mass per unit length of the wire are 
1'25 kgms. and 0'025 gm. (g=980 cms./sec.2). (All. 1930 ; Pat. 1949) 


oR 
Ans. The frequency of the fundamental note, naV =, in which 1=20 cms 


T=125x1000 gms. and m=0'025 gm. in the first case, whence m=175. 

Since the tuning-fork gives 15 beats per second with the sound of frequency 
175, the frequency of the fork is either (175+15)=190; or, (175—15)=160. 

In the second case, 1=25 cms., T and m same, whence na=140 

Hence the frequency of the fork giving 20 beats with the sound of frequency 
140 is either (140+4-20)=160 ; or, (140—20)=120. 

The fork in both the cases being the same; its frequency is 160. 

(6) Two similar strings of a sonometer are tuned to unison, One is 36 
inches long and stretched by 100 lbs. Find the weight on the other one which 
is 45 inches long. (C. U. 1941) 

` 

Ans: Here T,=T, X ( 2) , Where T, =(100 x32) poundals ; 1=36 in. ; 

1,=45in.; T,=?; whence T, =5,000 poundals= 15626 1bs.-wt. 

(7) A bridge is placed under the string of a monochord at a point near the 
middle and it is found on plucking the two parts of the string that 3 beats per 
second are produced when the load stretching the string is 8 kilos. If the load 
be then increased to 12 kilos, determine the rate of beating of the two parts 
of the string. 


i iim 
Ans. Hero, ee \/ rT, ; m= 4/ T, .. No. of beats = 8 =n, —ns 
5 m 2 


aN? (1 _ $) When the tension is changed to 7, we have, no, of beats, 
1 4, 


~ Bm\ 1 
LES ee + 28 NT. "67 
vanimal Per, =r, ; whence v=38'67. 

(8) Two tuning-forks when sounded together give 4 beats per second. One 
is in unison with a length of 128 cms. of a monochord string under constant 
tension and the other with 130 cms. of the same string. What are the fre- 
quencies of the forks? (C. U. 1939) 

Ans. Let ny and ng be the vibration frequencies of the two forks. From 
Art. 65(1), we have, 

midi _ 180.65. -65 x 
ETN Gat Of Maes e n> Nye 
So, we have, (Art. 45), nı—4=n; whence n,=260. 
Questions 

1. The sonometer is stretched with a force of 200 gms.-weight. 

st Supns om jo p3uə; om (9) {-7M-sul3 008 0) pasveroUT st 2107 ayy, (V) 
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halved. How is the pitch of the note emitted by the string affected in “each 
(C. U. 1912) 


case ? 
[Ans. (a) na=2m ; (b) ny =2m, i.e. the pitch is doubled in each case.] 


2. The string of a monochord vibrates 100 times a second. Its length is 
doubled and its tension altered until it makes 150 vibrations a second. What 
iv the relation of the new tension to the original ? (C. U. 1924) 

Ganes Tao eet ra r i - 

3. What will be the frequency of the note emitted by a wire 50 cms. in 
length when stretched by a weight of 25 kilograms, if 2 metres of the wire are 
found to weigh 479 grams ? (C. U. 1934) 

[Ans. $20 per sec.] 

4, Find the frequency of the note emitted by a string 50 cms. long,stretched 
by a load of 10 kgms., if 1 metre length of the string weighs 2'45 gms. (g=980 

(East Punjab, 1953) 


ems, /sec.®). 
[Ans. 200 per sec.] 
k 5. A wire 25 cths. in length and 025 gm. in weight produces when 
plucked fundamental note of frequency 200. What is the tension in gm.-wt. 
in the wire; given g=980 cms. /sec.? (Pat. 1952) 


[Ans. 1020°4 gms.-wt.] 

_ 6 Two tuning forks A and B produce 4 beats per second when sounded 
together. A resounds to $24 cms. of setretched wire and while B is in unison 
with 32 cms, of the same wire. Find the frequencies of the forks. 

(Mysore, 1952) 

[Ans. 320; 324] 

7. On what factors does the frequency of vibration of a stretched string 
depend ? (All. 1925; cf. C. U. 1946) 
_ When the wire of a sonometer is 73 cms. long, it is in tune with a tuning- 
fork. On shortening the wire by 5 mms., it makes 3 beats a second with the 
fork, What is the frequency of the fork ? (Pat. 1939; G. U. 1950) 

aves T PI ina eet f n 725 
e E E Vm i (0+8) aaj /” aaa aa 


8. A wire 50 cms. long vibrates 100 times a second. If the length is 
shortened to 30 cms. and the stretching force quadrupled what will be the 
frequency ? (All. 1927) 

[Ans. 333-3] 

9. Two strings of the same length and diameter are constructed of materials 
of densities 1:21 and 9 gms./c.c. respectively. Compare the tensions which must 
be applied to them in order that the note given by the second string may be an 
octave below that of the first. 

[Ans. 484; 9] 

10. A stretched string 1 metre long is divided by two bridges into three 
parts so as to give notes of the common chord whose frequencies are in the 
ratio of 4: 5 : 6. Find the distance between the bridges. 

[Ans. 82432 cms.) 

Il. A string 24 inches long weighs half an ounce and is stretched on a sono- 
ne with a weight of 81 lbs. Find the frequency of the note emitted when 
struck. 

fee 04 (Dac. 1934) 

12. What is the fundamental frequency of transverse vibration of a steel 
wire I mm. in diameter and 1 metre long, hanging vertically from a rigid support 
me mass of 20 kilograms attached to its lower end. Density of steel=79 
gms. /c.c. 5 

fans 865) (Utkal. 1947) 

13. State and explain the laws of vibration of a stretched string. Why 
are strings of musical instruments mounted on hollow wooden boxes ? 

(G. U. 1950) 


ES 
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°l4, A brass wire (density 84) 100 cms. long and 18 mm. in diameter is 
stretched by a weight of 20 kilograms. Calculate the number of vibrations which 
it makes per second when sounding its fundamental tone (g=980 cms. per sec.2), 

[Ans. 4788 nearly] (C. U. 1930) 

i5. State the laws of transverse vibration of a stretched string and des- 
cribe experiments to verify them. 

(Bihar, 1955; C. U. 1925, '34, °36, '41; All. 1927, '29, '45 ; Pat. 1940, '42, '49) 

A sonometer is in tune with a fork. On shortening the wire by 1% the 
tension remaining constant, 4 beats per second were heard. What is the fre- 
quency of the fork ? (Bihar, 1955) 

[Ans. 396 per sec.] 

16. A stretched wire under tension of 1 kgm.-weight is in unison with a 
fork of frequency 320. What alteration in tension would make the wire vibrate 
in unison with a fork of frequency 256 ? 


T ? Ssh 
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So the tension should be reduced by (1- E or z kgm.-wt. ] 


17. A sitar wire is 80 cms. long and it emits a note of 288 vibrations per 
second. How far from the top it may be pressed so that it may emit a note 
ot 312 vibrations per second ? (Pat. 1951) 

[Ans. 62 cms.] 

13. How would you verify with a sonometer the law connecting the frequ- 
ency of a stretched string with its tension? If an additional weight of 75 Ibs. 
raises the pitch by an octave, what was the original tension ? 

[Ans. 25 Ibs.-wt.) 

19. Given two tuning-forks, how would you determine the pitch of the note 
emitted by one of them if that of the other is known ? (C. U. 1919; Pat. 1930) 

20. How would you verify the relation between the pitch of the note 
emitted by a stretched string and its tension. (Pat. 1943) 

21. Describe experiments showing how the note given by a stretched string 
depends on (i) the tension, and (ii) its mass per unit length. (Utkal, 1952) 

22. Explain how you would find acoustically whether two wires are made 
of the same material or not. 

23. Wires of brass and iron are stretched on a sonometer and are adjusted 
to emit the same fundamental tone. The two wires are of equal length, but! 
the tension of the brass wire is 5 kgms.-weight and that of the iron 3 kgms.- 
Weight. Assuming that the iron wire has a diameter of 0:8 mm. find that of 
the brass. (C. U. 1946) 


[ 5x (dens ity of fron) mm, ] 
Ans. 0°84/ 3x (density of brass) 
24. Two exactly similar strings Æ and B of a sonometer are stretched by 


means of weights. Describe two distinct arrangements by which the note given 
by 4 would have twice the frequency of the note given by B. Account for 


your arrangement. 3 $ (C. U. 1950) 
25. Show how the frequency of a tuning-fork is determined with the help 
of a stretched string. (Pat. 1937; All. 1945; C. U. 1945) 


26. What are harmonics? How will you demonstrate their formation in 
(U. P. B. 1950; cf. G. U. 1952) 


CHAPTER VII 


VIBRATION OF AIR-COLUMNS : LONGITUDINAL 
VIBRATIONS OF RODS (DUST-TUBE EXPERIMENT) 


71. Stationary Vibration of Air-Column within Organ Pipes :— 
The column of air enclosed in a pipe can be seb into mofhentary 
vibration when any sudden disturbance is communicated 
to it, or the pressure at the mouth of the pipe is 
suddenly altered. For example, a sound is produced by 
suddenly withdrawing a cork from a tightly-corked cylin- 
drical bottle, because the sudden withdrawal of the cork 
disturbs the airpressure at the mouth of the bottle which 
is the cause of the vibrations of air in the bottle. Tho 
whistling sound produced by blowing across the open end 
of the barrel of a key is also another example of vibra- 
tion of air-column. In various musical instruments such 
as the flute, clarionet, etc. the musical sound is pro- 
duced and maintained by vibrating the air-column en- 
closed with the jipe. Air-colwmn in a pipe, closed or 
open, vibrates longitudinally when disturbed at the 


a mouth. 
heel An org.n pipe is the fimplest form of a wind instru- 
Organ Pipo ment. Fig, 34 shows a longitudinal section of an organ 


pipe. It consists of a hollow tube BD in which air can 
be blown through a pipe A. The air issues through a 
narrow slit B, and a strikes against the sharp edge C, called the lip, of 
the mouthpiece. This sets up vibration in the air-column enclosed in 
the pipe. Whon tho blast is directed into the pipe, it produces com- 
pression, and when directed outwards is can, by suction, produce 
rarefaction at the lower end of the nircolumn. An organ pipe is 
called closed or open according as it is closed at one end or open 
at both ends. 


(a) Closed Organ Pipe.—As nir is blown through the pipe (Fig. 
81), it strikes tha edge, and a slight upward deviation of the air blast 
produces a compresse] wave which travels to the closed end (which 
is a rigid wall), and so the air near the end is compressed toa pressure 
greater than the atmospheris pressure. This compressed nir forces 
back the air behind it in order to return to atmospheric pressure, and 
in so doing it starts a compressed wave which returns along the pipe. 
Thus a compressed wave is reflected from the closed end as a com- 
pressed wave, and returns to fhe mouth. But the mouth being open, 
and the air free to expand, the pressure of the compressed wave 
pushes the sheet of air outside and so the layers of air relieve them- 
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selves from a strained state and as a result there is reversal of tho 
typ of the waye and so a wave of rarefaction starts inside. The wave 
of rarefaction again comes back to the mouth as a rarefied wave after 
being reflected at the closed end. This is again reflected as a com- 
pressed wave at the mouth, which is a free end, and is also intensified 
by the compressed wave directed inwards by the blast of the air oute 
side. In this way, of the vibrations of various frequencies seb up by 
the impact of the air blast with the lip O of the pipe, the air-column — 
inside the pipe takes up only those with which it can resound, and — 
pulses pass up and down the length of the pipe, the result being the 
Propagation of a musical note and tho pipe is found to speak, ies) 


9 


The result of the reflected pulse meeting with the direct one is @ 
stationary longitudinal wave set up inside the pipe, and nodes and — 
antinodes occur at definite places. The air at the open end is free — 
to move inwards or outwards with the maximum Freedom and, there. — 
fore, is a seat of antiode. ‘The closed end being a rigid wall, the š 
air in contact with it has the least freedom of movement and so the 
closed end is always a node. 4 ? 


(b) Open Organ Pipe.—Inan open pipe, when a comp 
wave reaches the far end, the air at that point is for an instant at a 
Pressure greater than ordinary atmospheric pressure, and the mouth 
of the tube being open, the air there can vibrate with the utmost 
freedom and so suddenly expands into the surrounding air. Thus the 
pressure diminishes so quickly that it falls somewhat below the pros- 
sure of the surrounding air, which causes a sudden rarefaction at f 
the end of the pipe. This sets up a rarefied wave which passes back 
along the pipe. This rarefied wave is reflected back as a wave of com- 
pression nt the other free end. Within the tube, the roflected pulses — 
meet with the direct ones blasted into the mouth from outside and 
the result is the formation of a stationary logitudinal wave having 
nodes and antinodes at definite intervals. Both the open ends of í 
tho tuhe aro seats of antinodes, the air there being most free to move 
eithor inwards or outwards. For the fundamental tone emitted by — 
the tube, there is one node between those two antinodes. 


72. Fundamentals of a Closed and of an Open Organ Pipe 
of the Same Length :— 


Closed Pipe.— In the simplest mode of vibration in the case of a 4 
closed organ pipe, there is a node at the closed end and an antinode 
at the open ond [Fig. 85{a)]. In a stationary wave the distance 
between two consecutive nodes, or two consecutive antinodes, is equal — 
to one-half the wavelength; so in this case the length of the tube is 
one-fourth of the wavelength, ie. the wavelength is four times the — 
length of the tube. This is the fundamental tone. 
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Let nı and À, represent frequency and wavelength of the funda- 
mental tone given by a closed organ pipe of length l. Hence A, 4]; 
and V= 1A, where V is the velocity of sound. 


Open Pipe.—in the case of the fundamental of an open pipe, i.o. 
a pipe open at both ends, there isan antinode at each end of the pipe 
with a node in the middie [Fig. 36(a)|. Sothe length of the pipe 
is half the wavelength. If m’ and À’ bs the frequency and wavelength of 
the fundamental tone for the open pipe, we have \=2l. Again, 
PEMA. ü 


Honce, the pitch of the fundamental of an open organ pipe is 
twice, i.e. one octave higher than that of a closed organ pipe of the 
same length. 


N.B.—If ‘an open pipe, while giving 
out a note, is suddenly closed, the pitch 
of the note at once decreases and the 
sound emitted becomes less sharp. If an 
organ pipe is closed at one end by a 
movable shutter, the pitch of the note 
emitted by the pipe is found to rise on 
slowly opening the shutter and to fall as 
the shutter is gradually closed. 

(a) Overtones (or Harmonies) of 
Organ Pipes.—Production of harmonics 
depends to some extent on the nature of 
excitation of the tube. If the air is blown 
more and more powerfully, the nature of 
the stationary waves remains the same 


A E 4 N ‘no doubt but the number of nodes and 
antinodes is increased, i.e. higher and 

A ean He higher harmonics are also produced. 

(a) 0) (e) (i) Closed Pipe.—In the case of a 

Fig. 35—Olosed Pipe closed pipe, the closed end is always a 


node and the open end always an anti- 

node [Fig. 385(a)]. The next possible 
mode of vibration, after the fundamental, is to have one intermediate 
node and one antinode [Fig. 35(2)], ie. the length of the pipe J is 
three-fourth of the wavelength Àe ; so in this case, Ay = 4 1. 


Ifms be the frequency of the note, %2=8V/4l. Hence, ng = 373, 
where 7; is the frequency of the fundamental. 


For the neri higher overtone, there will be two intermediate 
nodes, and ¿wo intermediate antinodes alternately placed [Fig. 35(c)]. 
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t 


In this case 2, = $1; and the corresponding frequency, ns = 5/41, 
Hence, na =5ny, and soon. In the case of a closed Pipe, therefore, 


Harmonies of Closed Pipe 


No. %& Wavelength Frequency of Relation with the 
in air the note fundamental 
7, os | 40 Fundamental 
ny = 
| 
i 4 = 
a 3! Ny => Tanoa 
3 4 ns =n, 
5 Ns =—- 
&e, &e. &e. &e. 


Therefore in a closed pipe the possible frequancies of vibration 


are in the ratio 1:3: 5, ete. 


(ii) Open Pipe.—We have already seen that in the case of the 
fundamental of an open pipe, there is an antinode at each end and 


a node in the middle [Fig. 36(a)]. If 


r 


m be the frequency of the fundamental, 
n'= V/21. 


For the neat overtone, there will be 
two intermediate nodes and one inter- 
mediate antincde between them (Fig. 
36(b)]. In this case 2”=91/2= the 
length of the pipe, and the frequency, 
n’=V/l=2n', i.e. it stands an octave 
higher than the fundamental. 

In the next overtone, there will be 
three intermediate nodes and two inter- 
mediate antinodes [Fig. 36(c)]. In this 
case 14” = 91/3, and the frequency, n” = 
8V/21 = 8n' ; and so on. 


Hence, in the case of an open pipe, 
both odd and even harmonics are 
present. 


Frequency 
an’ 


on! 
(a) (b) (c) 
Fig. 36—Open Pipe 
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Harmonies of an Open Pipe 


No, Wavelength Frequency of Relation with the 
in air the note fundamental 
1 2l AY Fundamental 
n= = 
2l 
9 1 n= 4 n” = 
2 EL 
8 f 3! wee ol nil =n 
> 
&e. &e. &e. &e. 


POE 


Therefore in an open pipe the frequencies of the fundamental and 
-overtones are in the ratio of 1 : 2:3: 4, ete. 


Tt should be noted that the note given out by an open pipe is an 
octave higher than that given out by a closed pipe of the same length, 
and that, owing to the presence of all harmonies proportional to the 
natural numbers in an open pipe, the quality of the note given out by 
an open pipe is richer and sweeter than that given out by a closed pipe. 


73. Effects of Temperature and Moisture on the Pitch of an 
Organ Pipe :—The pitch of any sound (which depends upon the 
frequency of vibration) is given by the relation, V=nÀ ; so anything 
which changes the velocity V will also change the frequency or wave- 
length or both. In an organ pipe the length which determines the 
wavelength does not change appreciably with changes of temperature. 
The velocity increases with temperature and so it follows that a rise 
of temperature of an organ pipe increases the frequency and so the 
pitch of the note emitted by it. The presence of moisture diminishes 
the density of air in the pipe and so it increases the velocity (vide 
Art. 25), and consequently the pitch of the note emitted also rises. 


Example. If the frequency of the note emitted by an organ pipe is 260 
in a room at a temperature of 0°C., what will be its frequency, if the tem- 
perature rises by 27°C? 


Ans. We know that. Moe: 273 


WTE TIFI (Art. 25). 


If no and na, be the frequencies at 0°C., and 27°O. respectively, we have 
Vo=Nord, Vatr=n;7 A, and no =260. 


ae A 273 
h Aea: whence na, =272'5. 
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74, Positions of Nodes and Antinodes in an Open Organ Pipe :— 
The osition of the nodes and antinodes in an open organ pipe can ba 
demonstrated by the following experiments :— . 


Experiments.—(1) An open organ pipe, constructed with ono of 
its sides of glass, is taken (Fig. 87), A small ring 
covered with a piece of stretched thin paper, and sus- 
pended by strings, like scale pan, is covered with 
some dry sand granules. This is gradually lowered 
into the pipe, while the pipe is gently blown to give 
out its fundamental tone. Ib will be seen that the 
particles remain still in the middle position of the pipe 
indicating a node, i.e. a place of minimum agitation 
of air particles, and that at the top and bottom of the 
pipe, the sand particles dance vigorously, indicating 
the positions of antinodes, i.e. places of maximum Fig, 37 
agitation of air-particles, 


Blowing the pipe more strongly in order to have other overtones 
and noticing the dancing of the sand granules, other positions of nodes 
and antinodes can be discovered. 


N.B.—It should be noted that an antinode will occur wherever 
there is free communication between the inner and the outor air. 
3 Hence, by opening a hole in the wall of 
an open pipe, an antinode is created 
there in addition tothe two antinodes 
at the two ends of the pipe; and the 
column of air will vibrate by satisfying 
the conditions already stated. Thus the 
note emitted by the pipe is at once 
changed. From this, the reason of having 
different notes from ordinary bamboo 
or tin flutes, or from instruments such 
as clarionates, piccolos, ete. by opening 
and closing holes in the tube of the 
instrument, is clear. 

(2) Manometric Flame Method. 
Another method of studying the varia- 
tions in pressure at the nodes and the 
antinodes in organ pipe was devised by 
Koenig, a German scientist, and is known 
as Manometric Flame (or Capsule) 


F S method. 
A circular aperture is made at any 
te desired point in the wall of an organ 
(a) (0) (c) pipe and is then covered with a stretched 


Fig. 88—Manometrio Flame. diaphragm of thin rubber. A piece of 
metal M in the form of a capsule is fitted on the aperture so that the 
membrane constitutes one side ofa small chamber C fitted with two 


Vol. I—89 
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narrow pipes through one of which G [Fig. 38(c)] coal gas is led which 
escapes through the other pipe terminating in a pin-hole jet where the 
gas is burned. Any vibration of the air inside the pipe, which forms 
the other side of the chamber C, throws the membrane M in contact 
with it into a similar state of vibration and which again causes corres- 
ponding vibration in the pressure of the gas in the chamber O, and 
thus: a corresponding change takes place in the length of the flame. 
Tf the change in pressure be periodic, the length of the flame also 
yaries periodically. But the change in pressure being very rapid, the 
alterations in the length of the flame cannot be followed by the eye 
due to persistence of vision. To render them distinct, the light is 
received on a cubical box having plane mirrors on its four sides 
[Fig. 38, (a)] which may be rotated rapidly 
about a vertical axis in front of the flame, and 
the successive steps of the flame are seen by 
looking, at the reflection of the flams in the 
rotating mirror. When the flame [Fig. 88, (b)] 
burns steadily, a continuous band of light will 
appear on the rotating mirror. So when the 
manometric flame is at an antinode, where 
there is no variation of pressure of the vibra- 
5 ting air-column (vide Art. 51), the membrane 
will not be agitated and so the flame is quite steady, and a long 
band of light will appear on the mirror. When, however, the fame 
is at a node, where there is the maximum change of pressure, the 
flame jumps up and down with a frequency equal to that of the 
membrane and the reflection in the rotating mirror presents a broken 
up-toothed-appearance. 


_ Fig. 39 represents appearance of the flame in the revolving 
mirror produced by different tones. Fig. 39, (a) represents that due 
to an organ pipe blown gently, and Fig. 39, (b) that due to the pipe 
blown hard having double the frequency. 


Fig. 39 


:'} Oomparison.—The manometric flame method is also applied in 
comparing the frequency of two organ pipes. When a capsule is 
applied at a node in each pipe and the corresponding flames are 
examined side by side, it will be found that teeth in one image will 
occupy the same length as n’ teeth in the other. So the frequencies 
of the two pipes are evidently in the ratio n : n’. 

Examples. (1) If the length of an open organ pipe sounding its funda- 
mental note be one metre what shall be the length of such a pipe in order 
that it may sound the fifth of the previous note ? (Pat. 1926) 

Ans. If h be the length of the pipe giving out its fundamental and ly the 


length of the pipe when the fifth of this note is sounded (vide Art. 56), then, 
in the first case, 


V=2nl, where n is the frequency of the fundamental note. 
Now because a fifth corresponds to ratio of 3 „the frequency in the second 


3n, Bn 


case is z hence, Vmlx y Xl, 3na; ue Snly22n1, C Vy is constant 


=2nX1 (".. l=1 metre), .*, 1,=3 metre. 
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Thus the length of the pipe sounding the fifth of the fundamentals is 2 
metre og about 666 cms. 

(2) The top of an organ pipe is suddenly closed. If it emits next above 
the fundamentals in both the cases and the difference in pitch be 256, what was 
the pitch of the note emitted ordinarily by the open pipe ? (Pat. 1938) 

Ans. Let V be the velocity of sound in air and n, the frequency of 
vibration of the open pipe next above the fundamental, then we have m=/’/l, 
where l is the length of the pipe. When it is closed, it becomes a closed 
pipe having a frequency of vibration mg, say. As the pipe now emits also the 
frequency next above the fundamental, we have, n=3V/4l; but n,=n;— 256 
(m being greater than nə). 


Ny -256= 37 =any ; Whence ny =10324. 


(3) Two open pipes are sounded together, each note consisting of -the 
fundamental together with two upper harmonics. One fundamental note has 
256 vibrations per second and the other 170. Would there be any beats pro- 
duced ? If so, how many per second? (C. U. 1931) 

Ans. The vibration frequencies of the first pipe are 256, (256x2) or 512, 
and (2563) or 768; and those of the other 170, 340 and 510. Of these notes 
two have got very nearly equal frequencies, viz. 512 and 510. So there will be 
beats, and the number of beats per second=512—510=2. 

(4) Two organ pipes give 6 beats when sounded together in air at a tem- 
perature of 10°C. How many beats would be given when the temperature is 
24°C? (Velocity of sound in air at 0°C. is 1088 ft. per second.) (All. 1932) 

Ans. In the case of an open organ pipe the velocity V of sound in it at 
10°C. will be given by, V=2nl, where I is the length of the pipe and n is the 
frequency of the note given out. For another pipe whose length is V, V=2n‘I’, 


where n’ is the frequency of the note. Number of beats =n —n! = (¢-4) =6 
pte 
Now, if V’ be the velocity of sound at 24°O., no. of beats, N= (}-1) +++ (2) 


From (1) and (2), N/6=V'/V. But v=(V.+2x/) ft. per sec., where V, is 
the velocity of sound at 0°C. =1088+-20=1108 ft. per sec., and 
V’=1088+4-2%24=1136 ft. per sec., 


N_ 1136 
ae ei =6:15,; oy N) of beats =6. 
6 71108 ' N=6'15 umber of beats =6. 
(5) Two organ pipes one closed at one end and the other open at both 


ends are respectively 25 ft. and 52 ft. long. When sounded together the 
number of beats heard was found to be 4 per second. Calculate the velocity 
of sound. (Pat. 1941) 

Ans. Let nı and n, be the frequencies of the closed and open pipes 


respectively. 


VV ie e Bil Bie 
Then ™ 4495 10° and "a= 9x59 104? No. of beats=4=n, =n, 
Ne 8 whence V =1040 ft. per sec. ‘ 


ce 10,110” 

75. Determination of the Velocity of Sound by the Resonance 
of an Air-column:—A vibrating tuning-fork F is held close to 
the top of a glass tube which is vertically placed in a long cylinder 
almost full of water (Fig. 40). On gradually raising or lowering the 
tube a particular length of air-column in the tube will be found when 
the sound will be strongly reinforced. Thus it is an arrangement for 
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a closed pipe of adjustable length. Adjust the position of the tube 
when the intensity of the sound becomes maximum. In that position 
the frequency of vibration of the air-column agrees with that of the 
fork, and the fork and the air-column in the tube are then said to be 
jn resonance. It should be noted that the pitch of the sound heard is 
independent of the diameter of the tube and of its material glass or 
metal. The action may be explained as follows :— 


Hach movement of a prong of the fork towards the mouth of the 
tube compresses the air in front of it, and thus sends a compressed 
wave down the tube. The compressed wave, on 
reaching the surface of water, which js a denser 
medium, is reflected back as a comprased wave 
(vide Art. 71). The reflected compressed wave on 
reaching the open end of the tube is relieved 
from the strained condition by moving sideways 
and it is again reflected, but, this time, as & 
rarefied wave’ which starts down the tube (vide 
Art. 71). Now, if the prong reaches the extreme 
downward position at the same instant and 
begins to move upwards, a wave of rarefaction 
will proceed downwards into the tube. The 
reflected rarefied wave will thus coincide, with 
the rarefied wave started down the tube due to 
the backward motion of the fork and so will be 
reinforced. Again, the reinforced waves will be 

Fig. 40 reflected back from the closed end (water sur- 

5 face) as ravefied waves, which will reach the 

open end just when the prong begins to move down. So the wave 

of compression formed by the reflection of the rarefied wave at the 

open end is helped by the fresh compressed wave sent by the prong. 

This shows that the fork and the air-column of the tube agree in 

motion (i. ¢. their time-periods are the same), and so resonance is 

produced. Thusresonance causes the intensification of sound due 
to the union of the direct and reflected waves. 


From the above it is evident that when reso- 
nance is produced, the wave travels over twice the 
length of the air-column in the time taken by the 
prong to make half a vibration. Therefore, in a com- 
plete vibration of the prong, the wave travels over 
four times the length 7, of the air-column AN (Fig. 
41). Wo have, therefore, lı =/4, or, A=41,, where 
À is the wavelength, and 7,, the length of the air- 
column. But, if V he the velocity of sound, and n 
the frequency of vibration of the fork, we have 
V=n\; °.  V=4lyn. Fig, 41 


; In fact, the antinode is not exactly at the mouth of the tube but 
is a little outside the tube, the distance depending on the diameter of 


[ar parma 
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the tue. Lord Rayleigh has shown that this correction is 067, and 
thus the effective length of the vibrating air-column is ly +0'6r, where 
r is the radius of the tube, and 0’6r is called the end correction. 

Hence, V=4n(l,+0'6r). 

Thus, from the resonant air-column, the velocity of sound can be 
determined by knowing the frequency of the fork. 

If the temperature of air in the tube is t, the velocity of sound 
at 0°C. can be found from the relation, 


Vi=Vo V i+ : Ve Yon A 


v4 v 
73° or, 273" where T is the temperature 


f 
on the absdiute scale corresponding to (°C. 


The End-correction can be avoided in the following way.— 
In the first position of resonance, la (Fig. 41)=/4, but 
if the tube he sufficiently long, then by raising the 
tube further out of water a second position of reso- 
nance, of weaker intensity, may be obtained where the 
Jength of the resonant sircolumn la (Fig. 41)=8\/4 
[vide Art. 72(a)]. 


Since, in the first case, E lı +0'ôr, and 


in the second case, D1, +06, 


Fig. 42 
we have, oh Ati. “. V=nd=2n(ls—1,). 


-By this means the wavelength can be determined, eliminating the 
end- correction. 

N. B.—In order to obtain the velocity of sound in dry air the 
result corrected for temperature should also be corrected for moisture 
contained in the air by the formula of Art. 25. 

Examples, (/) You are provided with a vessel containing water, a glass 
tube about 40 cms. long open at both ends and a tuning-fork whose frequency 
is 256. What experimental result do you expect? (The velocity of sound in 
air is 33280 cms. per second nearly.) (C. U.1914) 

Ans. Let l be the length of the air-column which emits the fundamental 
note. 

Then, wavelength=4l. Velocity of sound = frequency x wavelength ; 

or, 33280=256%x 41; whence 1=$2°5 cms. 
that is (40—325) or, 75 ems. of the glass-tube should be dipped in water 
when resonance will be produced, 

(2) A tuning-fork is held above the mouth of a closed glass cylinder whose) 
capacity is 150 cubic inches and height 14 inches, and water is poured ‘slowly 
until the most perfect resonance is obtained. The volume of the water intro- 

duced was 20 cu. in. What was the vibration number of the tuning-fork ? 
(Velocity of sound in air=1120 ft. per sec.) 

Ans. Volume of air in the tube for resonance=150—20=130 cu. in. 

Area of cross-section of eylinder= 44? sq. in. ^. Length of air-column for 
, perfect resonance, 1=130+'39=12'133 in.; again, fZ=a77, where r=radins 
of cylinder; thns 7+=1°85, 


614 INTERMEDIATE PHYSICS " 


Hence, end-correction = 0°6r=0°6 x 1°85=1/11 in. We have V=4n(1+0-@r) where 
is the required frequency. 
Be ab ine V=1120x12 in); whence n=253°8. 1 
(B) A certain tuning-fork first produced resonance in a glass tube with an 
air-column of 33 cms. and it could again produce resonance with a column 
1005 cms. in the same tube. Calculate the end-correction. (All, 1921) 
Ans. In the first case, if be the length of air-column for resonance, the 
effective length of air-column =] +x, where x is the end-correction. 


<. 1,+=)/4, where A is the wavelength. In the second case, if J, be 
the length of air-column for resonance the effective length=/, +2. 


: inks 
E hte; or, a we yeaa 22 or, 8(l1+a)=>), +0 


Since 1,=$3, and 1,=100°5, we have, x=0°75. 

(4) A closed pipe is filled with a gas whose density is 000126 gm, per c.c 
Ij the length of the pipe is 50 cms., find the frequency of the note emitted. 
(The velocity of sound in air at 0°C. is 332 metres per second.) 

Ans. As the density of air is 0001293 gm. per. c.c. and as the velocity of sound 
ir any gas is inversely proportional to the square root of its density, the velocity 


: 0'001293 
of sound in the gas of the pipe, V =332004 / g:001260 CMS: PEF sec. 


But V =4nl ; whence neha 168. 


76. Longitudinal Vibration of Rods :—Whena rod of wood or 
glass firmly clamped at its middle point is rubbed lengthwise with 
a piece of resined cloth, or wet linen it is set in longitudinal vibra- 
tion, that is, in planes parallel to its axis, and it gives out a shrill note. 
The rod is alternately elongated and compressed in its course of 
movement and the vibration takes place exactly in the sime manner 
as the stationary vibration of an open pipe sounding its fundamental. 


The free end of the rod being the parts of maximum vibration are 
antinodes, whilst, for the simplest mode of vibration there will be a 
mode in the middle where it is clamped. Evidently the length of the 
rod is half the wavelength (distance hetween two consecutive nodes 
and antinodes). 


The velocity of sound in the rod is given by, V= Vv z where Æ ig 


the Young’s modulus of elasticity and D, the density of the material 
of the rod. Again we have, V=mn\, where À, the wavelength, is in 
this case, equal to twice the length l of the rod. 


ANA D ai a. E 
+ V=2nl; or, n= on n= D 


Thus, knowing the velocity of sound in the rod, the frequency, or 
the pitch of the sound emitted can be calculated. Again, if the pitch 
of the sound is determined by comparison with a sonometer wire, the 
velocity of sbund is known from the relation, V=2ni. Thus this also, 
provides a method of determining the velocity of sound in a solid rod. 
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7%. Kundt’s Dust-tube Experiment :—The velocities of sound 
in different gases were determined by Kundt by using longitudinal 
vibration of rods. The velocity of sound in a rare gas is usually 
determined in the laboratory by this method. 


Experiment.— The apparatus consists of a metal or glass rod 


which is clamped e A 
exactly at its mid- i c 
dle point C and has ) ye abi at H = t 
a card-board dise D EAE EEN 

firmly figed at its Fig. 43—Kundt’s dust-tube Experiment. 


end within a long 
glass tube AB in which it can move without touching its walls. The 
other ond of the tube AB is closed by an adjustable stopper B (Fig. 48). 


Before fixing the tube in position it is thoroughly dried by blow- 
ing hot air through it, and then some dry lycopodium powder is evenly 
spread along its sides. The rod is now stroked (rubbed length-wise) 
with resined cloth, if it be metal, or with a cloth moistened with 
methylated spirit, if it is of glass, causing it to vibrate longitudi- 
nally. Waves are emitted by the dise D which is moving backwards 
and forwards with the frequency of the note emitted by the rod and 
thus setting up vibrations in the air within the tube. These wayes 
started from the dise D are reflected back by the surface of the piston 
B, and thus stationary waves having fixed nodes and antinodes are 
set up in the tube. The position of the adjustable piston B is care- 
fully adjusted until a resonance is produced, when the fundamental 
note emitted by the rod coincides with a harmonic of the enclosed air- 
column within the tube. 


When resonance is reached, the fine lycopodium powder is seen to 
be thrown into a state of violent agitation when the powder will be 
seen to fly away from the loops (antinodes), the places of maximum 
displacement of air-particles, and will collect in heaps at the nodes, 
the places of minimum displacement of air-particles. In general, 
several nodes and loops will be formed within the tube as shown in 
the diagram. If be the mean distance between two consecutive nodes, 
the wavelength 4 of the longitudinal vibration ofairis 22 and if n be 
the frequency of the note emitted by the rod it is also the frequency 
of vibration of the air in the tube, as the rod and the tube are in 
resonant vibration, and the velocity of the sound in air, Vani 
=nx2l, Now for the simplest mode of vibration of the sounding 
rod, a node is formed at the middle where it is clamped and two 
loops are formed at the two ends. So, if J’ be the length of the rod, 
the wavelength À’ of the longitudinal vibration within the rod is 2, 
and if V’ be the velocity of sound in the rod, V'=ni' =n 2l 380 
we have, 


V _nx2l__ 1 _ length between two consecutive loops or nodes 
AES length of the rod x 
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The above relation provides.a method of calculating V or V when 
one of them is known; and if frequency n be found by means of a 
sonometer and a standard fork, then velocity of sound in air, and also 
in the rod, can both be determined. 


Velocity in different Gases.—To compare velocities of sound 
in two gases, first fill the tube with one of the gases and find out the 
average distance lı between two nodes formed at resonance. Repeat 
the experiment with the other gas and let the distance in this case be 
la; then, if Vı and Va are respective velocities in the two gases, 

Va pie nx 2l, = h ? 
we have Va n%Qlq a 

77 (a). Determination of the Frequency of a Fork by Stro- 

boscopic Wheel :— 


A stroboscopic wheel is simply a metallic disc, having a number 
of a equidistant rectangular radial slots arranged along tho rim, 
mounted vertically on a horizontal axle which is mechanically driven 
at a known speed. The fork under test is placed on one side of the 
wheel, the plane of vibration of the prong being parallel to the plane 
of the wheel and the longer side parallel to the longer axis of the 
slot when the latter is yerticle. The fork is run electrically and 
astrong light is focussed on a prong facing the slots. The wheel is 
set to motion and observation is made horizontally from the other 
side of the wheel. 


The speed of the wheel is gradually increased till the interval, in 
which one slot is replaced by the next, becomes roughly equal to the 
period of the fork, when the prong would appear to oscillate slowly. 
Next, when tho said interval is adjusted exactly equal to the period 
of the fork, by suitably altering the speed of the wheel, the prong 
would appear to remain stationary. This is what is called the 
stroboscopic principle. 


Knowing the number of slots on the wheel, and the rate of motion 


of the wheel, the period of the fork and thus the frequency of the 
fork can be determined. 


Questions 


l. Describe in detail with a diagram an open organ pipe, and explain its 
mode of excitation. What effect is produced on the pitch and character of the 
note, if the open end is suddenly closed ? (C. U. 1926; Pat. 1928) 

2. (a) Give an account of nodes and antinodes in open and closed organ 
pipes. (AU. 1918, 22; C. U. 1981, "32; cf. G. U. 1949) 

(b) How are stationary waves produced in (i) an open organ pipe, (ii) 
closed organ pipe ? (C. U. 1947; cf. All. 1945) 

8. What do you understand by pitch of musical note? The organ pipes 
of the same length are given, one open and the other closed. What should be 
the relation between the pitch of the fundamental notes emitted by them ? 

(C. U. 1924, '26; Pat. 1921, *39) 


» 
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4e What is the frequency of the fundamental note of an open organ. pipe 
4 ft. long? (Velocity of sound in air=1100 ft. per sec.) (C. U. 1950) 

What would ‘be the effects of (a) covering its open end, (b) increasing the 
temperature, (Pat. 1930; C, U. 1950) 

(c) varying the nature of the gas enclosed in the tube (Pat. 1930) and (d) 
lengthening the pipe? (C. U. 1950) 

[Hints. 1100=nx(2x4); or, n=1375; (a) When one end is closed, the 
pitch will be halved, i.e. will be lowered an octave ; (b) velocity will be in- 
creased (see also Art. 58) with the increase of temperature; hence pitch will 
be increased ; (c) pitch increases or decreases with the increase or decrease of 
velocity which again varies inversely as the square root of density of the gas; 
and (d) pitch decreases with increase of length.] 

5. What will be the effect on the pitch of the note of an organ pipe, if 
the air in the pipe is replaced by carbon dioxide? (G. U. 1949) 

6. What is meant by resonance ? Calculate approximately the length of 
the resonance box closed at one end on which a tuning-fork is to be mounted, 
the pitch of which is 256, the velocity of sound in air being 1120 ft. per sec. 
Would the same resonance box answer for a fork of another pitch? If so, 
of what pitch ? (All. 1926) 
Hints.—The resonance box acts as a closed organ pipe; so V=4nl; or, 
1120=4% 256 x1; or l= 43 “The box will also speak for « fork whose frequency 
is 3 or 5 times the fundamental frequency.] 

7. The velocity of sound in hydrogen is 12965 metres per second. What 
will be the length of a closed organ pipe, filled with hydrogen, which gives a 
note having a vibration frequency of 512 per second? (C. U. 1915; Dac. 1933) 
‘Ans. 68'383 cms. (approx.) ] 

8. What is the frequency of the note emitted by a siren having 32 holes 
and making 1575 revolutions per minute? A closed organ pipe sounding its 
fundamental is in unison with the above note. What is the length of the pipe? 
(Velocity of sound in air=1120 ft. per sec.) 

Ans, 840; y ft.] 

9. Calcluate the shortest length of a pipe 4 cms. in diameter which will 
be set in resonant vibration by a tuning-fork making 256 vibrations per second. 
(Velocity of sound in air=340 metres per sec.) 

Ans. $2 cms.] 

10. Two organ pipes, open at both ends, are sounded together and four 
beats per second are heard. The length of the short pipe is 30 inches. Find 
the length of the other. (Velocity of sound=1120 ft. per sec.) (C. U. 1985) 
Ans. 30,8; inches.] 

11. What are the fundamental and harmonic notes of organ pipes, open 
and close ? > (CG. U, 1947, "50) 

12. What effect is produced on the frequency and quality of a note given 
by an organ pipe if the top is suddenly closed ? If the frequencies of the first 
overtones of the two notes so obtained differ by 440, what was the original) 
frequency ? * (All, 1924), 

[Ans. 880.] 

13. The pitch of the fundamental note of an open pipe 100 cms. long is 
the same as that of a sonometer wire 200 cms. long which has a mass of one 
gram per centimetre. Find the tension of the wire (Pat. 1937) 

[Ans. 4356x109 dynes, taking V=330 metres per sec.] 

14. Calculate the change of pitch of an open organ pipe 3 ft. long when 
the temperature changes from 10°C. to 15°C. 

[Ans. ma: ny= 1009). 
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15. The frequency of the fundamental of an open and closed organepipe 
i the frequencies of their first three overtones 
is 128 c.p.s. What are the frequ (G. U 1988) 
fAns. 256, 384, 512 and 384, 640, 896 c.p.s.] FR ome 
16. The frequency of a note given by an organ pipe is 312 at 15 os ea 
what temperature will the frequency be 320 supposing the pipe to remain 
unchanged in length ? 
ane 320 _ 40 
(Hints.—V,,=312\, and Vi =320) = 319 = 99" 
Tee R Li a 
Again, V=Vo( 1+ 5. a) ; and Tu= T 
Te 546 +t 5464+¢_ 40, hence {=29°4°C.] 2 
E E BOL ot) BOLET 89,5" ae 
17. If an organ pipe gives a note of 256 when the temperature of air is 
40°C., what will be the frequency of the note when the temperature falls to 
20°C. ? 
[Ans. 2473] 4 S 
18. Distinguish between forced vibration and resonance and mention two 
practical applications of each. 
What should be the length of an open organ pipe which sounded together 
with another similar pipe of length 30 inches would produce 4 beats per second ? 
(Velocity of sound in air=1,120 ft. per sec.) (Bihar, 1956) 
[Ans. 29 3, inches, or 304% inches.] 
19. How can the existence of nodes and antinodes in a sounding organ 


j pipe be demonstrated ? (C. U. 1937, '50) 
20. Describe experiments demonstrating the existence of nodes and anti- 

nodes in an open organ pipe. (G. U. 1949) 
21. Suggest any experiment by which you can determine the wavelength of 

any note in air. (Pat. 1926) 
Show how the phenomenon of resonance can be used for directly determining 

the wavelength of a given note of sound in air. (R. U. 1952) 


22. How would you demonstrate that the best resonant length is one-fourth 
the wavelength in the case of a closed pipe and one-half the wavelength in tne 
case of an open pipe? (Pat. 1929) 


[Hints.—Describe the resonant column experiment (vide Art. 75). The tube is 
considered to be closed pipe as one end of it is closed by water—a medium denser 
than air. After getting the first position of resonance (i.e. for l= 1/4), raise the 
tube still further until a second position of resonance is obtained. In this 
position l=) /4. Raising it still more, a third position for l= 5) /4 may be 
obtained. It will be observed that the soune is loudest in the first case, and 
gets fainter and fainter for the overtones. 


In the second case, hold the same tuning-fork in front of an open pipe 
(both ends open), the length (say, about 10 inches) of which is made adjustable 
by slipping up and down over it a tightly fitting roll of ordinary writing paper. 
Adjusting the length and proceeding as above it will be observed that sound is 
maximum for l=} /2, and gets fainter and fainter for the overtones, i.e. for 
1=2 1/2 and 33 /2, etc.] 

23. Explain the mode of vibration of an air-column closed at one end 
thrown into resonance by a tuning-fork. (Utkal, 1952) 


24, A vibrating tuning-fork is placed at the mouth of an open jar, and water 
is poured into the jar gradually. Explain what will happen. (cf. G. U. 1949) 
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24. What is meant by the end-correction of the length of a resonant air- 


column ? (R. U. 1955) 
26. Explain how you would determine the velocity of sound in air by an 
experiment of this kind. (C. U. ’31, "47; Pat. 1941, °49, "51, '53 ; Dac, 1933, 


"34, '52; And. U. 1951; Anna. U. 1950; Utkal, 1948, '49, ’53) 
27. Describe an experiment to find out the velocity of sound in carbon 


dioxide. (Pat. 1939 ; All. 1922 ; cf. Dac. 1931) 
48. What is meant by resonance? Show how the phenomenon of resonance 
may be used to measure the velocity of sound in a gas. (C. U. 1945) 
29. A cylindrical tube 100 cms. long, closed at one end, and of one cm. 


internal radius, is placed upright and filled with the water, and a tuning-fork of 
frequency 510 is sounded continuously over its open end. Assuming the velocity 
of sound n air to be 340 metres per sec., describe exactly what you would expect 
to observe if the tube were gradually emptied. (Pat. 1936) 

{dns. The tube will speak when the length of the air-column is 16, 494, 
82:7 cms.] 

30. A tuning-fork, whose frequency is 410, produces resonance in a glass 
tube of diameter 2 cms. when lowered vertically in water ; on lowering the tube 
further down another point of resonance is found. Find the lengths of the air- 
column producing resonance. (V=340 metres per sec.). 

Ans, l3=61'59 cms. ; h=2013 cms.] 

31. When a fork of frequency 512 is sounded, the difference in level of water 
in a tube between two successive positions of resonance is found to be 33 cms. 


What is velocity of sound in air ? (C: U. 1949) 
[dns, 83,792 cms. /sec.] 
52. Write a note on organ pipes. (Vis. U. 1955) 
33. Describe a stroboscopic wheel. How can the frequency of a tuning-fork 
be determined with it ? (R. U. 1953) 
— 


CHAPTER IX 


MUSICAL INSTRUMENTS : PHYSIOLOGICAL 
ACOUSTICS 


78. Musical Instruments :—The musical instruments can be 
divided mainly into three classes—(a) Wind instruments; (b) Stringed 
instruments ; (e) Percussion instruments. 


(a) Wind Instruments.— The working of these instruments 
depends upon the vibration of an air-column. These again can be 
divided into two classes: (i) Instruments without reeds such as the 
flute, piccolo ete. ; (ii) instruments with reeds such as the clarionet, 
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harmonium, etc. The most familiar example of the wind instrumants 
is the organ pipe, which may be of the above two types : (a) one with- 
out reeds, known as the flue pipe, and (b) the other with reeds, known 
as the reed pipe. 


Tt is already stated that only a column of air of right length may 
be made to respond toa particular note. But in the case of a column 
of air contained in a pipe resonance can be produced by making a 
flutter in the air at one end of the pipe. The pipe selects from the 
flutter (which is merely a combination of pulses of various wave- 
lengths) that particular pulse with which ib can resound in order to 
produce a musical note. This is the principle of various musical 
instruments in nearly all of which the sounding part is a column of air. 


The Flue Pipe.—The simplest form of this type is an ordinary 
organ pipe the principle of which has been described in Art. 71. The 
note emitted by this pipe depends primarily upon the length of the 
pipe. The fundamental note is given out ata certain minimum blow- 
ing pressure by increasing which higher harmonies are given out. 


Í In the Organ, there is a set of pipes of fixed pitch and the instru- 
ment is provided with a keyboard as in harmoniums. 


The Reed Pipe.—In this instrument the air blast impinges on a 

flexible metal strip (Fig. 44) called the reed, which controls the amount 
of air passing to the pipe by wholly or nearly 
coyering the aperture through which the air 

passes. The reed which completely clo: 
aperture of the pipe is calied a beating ree 
which behaves as a stopped end of the pipe, 
and the other by which the aperture is nearly 
but not fully closed, is called a free reed. 
Free reeds are used in harmoniums and 
American organs, where the wind forced 
into a rectangular airchamber at one side of 
which the reed is attached, The air presses 
against the reed and causes it to vibrate. A 
single beating reed made of cane is used at 
the mouthpiece of a clarionet. 

(b) Stringed Instraments.—In this class 
the note is produced by the vibration of 
Fig. 44—Reed pipe, strings kept under tension, such as the harp, 

Piano, violin, esraj, setar, ete. 


(c) Percussion Instruments.— Thi i 
- ese are tuned to a fixed pitch, 
such as the kettle-drum, tambourine, ete. in which the vibration of 


air is produced by striking with a hammer a stretched membrane or 
a metal plate. 


= 
pet 
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79. The Phonograph :— Long before the invention of the 
pho&ograph, Thomas Young, an English scientist, succeeded in record- 
ing sound vibrations on a@ rotating drum. 

It was Thomas Alya Edison, an Ameri- è 

can, who in 1807 invented the phono- 
graph by which is was possible to reeord 
as well as reproduce sound vibrations. 

The phonograph consists of a funnel 
F, which is closed at the lower end by a 
thin glass or mica diaphragm D (Fig, s 
45). When sound vibrations are directed 
into the funnel, they set the diaphragm 
into vibration, and with it, a pointed 
steel or a chisel-shaped sapphire crystal 
S, attached at the centre, also vibrates. 

The chisel is in contact with a cylinder 

C of paraffin wax, and, at the time of 

vibrations, cuts a groove of varying 

depth on the cylinder which is rotated, Fig, 45—The Phonograph 
and at the same time moved length wise 

by clock-work. The depth of the groove is not uniform but corres- 
ponds to the strength and complexity of the vibrations communicated 
to D. The cylinder is thus a Faithful record of the sound vibrations 
directed at F. 


To reproduce the Sound, a smooth sapphire point, attached to a 
similar diaphragm fitted in a frame, called the sound-bor, is placed at 


shifted sideways at the same speed as before. The sapphire point 
rises and falls in accordance with the height and depth of the groove, 
and thus the diaphragm of the sound-box reproduces exactly the 
Movements of the diaphragm D of the recorder. These movements 
Communicated to the air produce the same sound which was originally 
directed into the funnel F, 


The materials with which the phonograph records are prepared 
being very soft, the records do not last long and so the reproduction 
is not very faithful, 


80. The Gramophone :—I; isa machine for the recording and 
reproduction of sounds, vocal or instrumental, such as, music, speech, 
ete. It is a more improved apparatus than the phonograph. The sound 
records are made in the form of flat dises in which spiral grooves 
representing sound-tracks run from the rim to the centre. The 
Erooves are of varying width and noi of varying depth, as a result of 
which tho resistance to the movement of the needle along the furrow is 
much less than in the Phonograph and so the reproduction of sound 
is much more faithful. Moreover, the discs are made of a matrix 
(composed of shellac, tripoli powder and other ingredients) which is 


kas 
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much harder than the wax used in the phonograph and so they do 
not deteriorate with use so easily. = 


Recording of Sound.—The modern method of recording is 
electrical. The source of sound is placed in front of a microphone 
by whose mechanism the current passing through it is fluctuated. 
This fluctuated current is amplified to the required extent by the use 
of thermionic valves. The amplified fluctuating current is used to 
actuate a cutting chisel upon a dise of wax by the principlo of electro- 
magnetic action, This record of wax is called the negative. An 
electra-plate of it is made on a copper dise by electrolysis. This 
electro-plate is called the ‘mother shell’ or the ‘parent-record’, or the 
positive. Two ‘working matrices’ of two dilferent musics are made 
from two such mother shells and are fixed to the top and bottom plates 
of a hydraulic press with their recorded surfaces facing each other. 
The recording material (the dise), previously warmed a little, is placed 
in between the two working matrices and the two records are stamped 
on the two faces of the recording material by pressure. 


Reporduction of Sound.— This is done through the mechanism 
of a sownd-bow which has a needle, with a pointed ond, rigidly screwed 
‘to the shorter arm of lever system (Fig. 46). The needle slides on the 
spiral grooves of the record, the record being made to rotate at a 
uniform speed with tho help of an adjustable governor, by the action 
‘of the energy of wound spring. The end of the longer arm of the lever 
is fixed to the centre of a circular mica diaphragm. The diaphragm is 
‘mounted between rubber rings called gaskets, and from the front of 
: a cylindrical metal box called the 
sound-bor. The vibration of the 
needle running on the furrows sets 
the diaphragm to motion, repro- 
ducing the recorded sound. Tho 
sound-box is connected to a metal- 
lie conical pipe called the tone-arm 
which is capable of moving freely 
about a vertical axis. The tone- 
arm with the sound-box gradually, 
moves to the centre of the record 
as the needle slides on it. The 
sound from the tone-arm is finally 
magnified through a horn which is 
usually housed within the cabinet. 
The lever system is balanced on a 
knife-edge forming the fulcrum. 
The vibration of the lever is con- 
trolled by two springs as shown 
Fig. 46.—The Sonnd-box in the figure. 


In the Radio Gramaphone, the mechanical sound-box is replaced 
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by an electric ‘pick-up’ by the mechanism of which a periodically 
modelated feeble current is obtained as the noedie slides on the 
grooves of the record. This feeble modulated current, after suitable 
amplification through a combination of thermionic valves, is led 
through a loud speaker by which a voluminous sound commanding 
large assembly of audience is reproduced. 


Physiological Acoustics 


81. The Ear:—The human ear (Fig. 47) consists of three parts 
—(a) the external ear (or pinna) by which the sound-wave is collected 
(b) the gniddle ear (or drum) 
in which the vibrations are 
transmitted from the external 
ear to (e) the internal ear 
(or labyrinth). 

(a) External Ear.—Start- 
ing from the outside, there is, 
in the first place the external 
ear T (the part external to the 
head) from which extends the 
ear passage, called the ex- 
ternal auditory meatus M, 
down, which the air-vibrations 


Ret ha 1 . Fig. 47—Section through the 
travel. This is closed at its Hamin Mar: 


end by a stretched membrane 
called the membrana tympani T, beyond which lies the cavity, called 


the ear drum or tympana or the middle ear. 
* 


(b) Middle Ear.—This cavity is bounded upon its outside by 
the tympanic membrane and its inner side by bony walls except at 
two places, the fenestra ovalis O and tho fenestra rotunda R whero 
membranes are stretched. A combination of three little bones or 
ossicles, the first of which is the malleus m or the hammer bone, 
extends from the inside of the tympanum. ‘This bone communicates 
with the internal ear through two other bones, the anvil i (or incus) 
and the stirrup s (or stapes), the base of which is joined to the 
fenestra ovalis, which separates the middle ear from one part of the 
innor ear. The middle ear is connected to the throat by an eusta- 
chian tube Zu. This tube is usually closed, but the action of 
Swallowing opens a valve in this tube and serves to keop the sir- 
pressure inside the middle ear equal to that of the atmosphere. Bar- 
ache is often caused when the yalve does not work and due to which 
the outside pressure becomes greater than that inside so that the 
bones are pressed hard causing painful results. 


(c) Labyrinth.—It is a complicated structure having a set of 


3 


= cavities. The cavities have bony walls, called the osseous labyrinth, 
= and internal membranes, known as the membranous labyrinth. 


p? 
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The osseous labyrinth consists of the following—(1) Vestibule ‘v’ in 
the outer wall on which lies the fenestra ovalis: Through the sinner 
wall of the vestibule the divisions of the auditory nerve A enter into 
the internal ear. (2) Cochlea (¢ ©) at the entrance to which lies the 
fenestra rotunda. It is a spiral canal like the form ofa snail sholl. 
It contains a fluid which receives and transmits vibrations to the 
auditory nerve, In this canal there isa membraneous partition, called 
the basilar membrane which plays an important part in the act of 
hearing. The semi-circular canals Sc serve to maintain equilibrium 
and do not take part in the hearing. 


The membraneous labyrinth contains a fluid, endolymph, and 
between it and the osseous labyrinth is another fluid perilymph. * 


82. How we hear :— The waves preduced in the air by the | 
vibrations of the sounding body are collected by the pinna and these | 
waves passing through the auditory meatus striko tho tympanic 
membrane which is forced to execute corresponding vibrations. 
These vibrations are transmitted through the three little bones in 
succession, the malleus, the incus, and the stapes, to the membrane 
of the fenestra ovalis of the inner ear. The vibrations of the fenestra | 
ovalis starb waves which reach the cochlea where the vibrations are 
handed on by the fluid to the bassilar membrane. The vibrations, so 
generated, actuate the auditory nerve and the brane, and give rise 
to the sensation of sound. 


83. The Human Voice :— The Vocal organ can be compared 

to a double reed organ pipe. The voice is produced by forcing air 
from the lungs through the Space between two stretched membranes 
V, V called the vocal chords, which aré stretched across the top of 
a wind pipe, called the trachea, with a narrow slit, called the vocal 
slit, between them, the two edges of the slit acting as reeds (Fig. 48). 
The two membranes are attached to mus- 
cles by which their tension and vibration 
frequency can be altered. The trachea, or, 
the wind pipe of the throat, leads to the 
lungs at one end, and at the front parti 
of the throat it forms the vibrating part, 
called the larynx or the voice-bor. 
f. The edges of the membranes are set 
i into vibrations like reeds by the air from 
the lungs and thus sound is produced, 
the pitch of which can he altered by 
; ; altering the tension of the vocal chords, 
and the quality of which depends upon the air-cavities of the nose, 
throat, and mouth, which act as resonators, the shape and the size 
of which the speaker can vary at will. 


Fig. 48—Vocal Organ 


The vocal chords are much longer in men than those in women 
and children, and so the wavelength of sound emitted by a man is 
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much longer than that emitted by a woman or child. Thusa female 
voice is of higher pitch than that of a male voice. 


Questions 


l. Describe. a phonograph and explain its action. 
(And. U. 1951; Dac. 1912; C. U. 1932, *47) 
2. Describe the gramophone. What is the function of mè horn ? 
(All, 1923, 32). 
3. Summarise your knowledge about a. gramophone sound-box. 
(U. P. B. 1938) 
4. Describe a gramophone. How is sound recorded and reproduced ? 
(East Punjab, 1942 ; Nag. U. 1950; U. P. B. 1949; Pat. 1948, 
P. 1949, '52 ; cf. Benares, 1953) 
5. Give a brief account of the different parts of a gramophone and describe 


the various stages in the propagation of the sound from the origin to the ears 
of the hearer. (Pat. 1931; cf. C. U. 1946; G. U. 1950) 

6. Give a brief description of the human ear with a neat diagram and men- 
tion the functions of the diferent parts. (C. U. 1933, '38) 
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APPENDIX (A) 3 
AERONAUTICS 


CHAPTER I 
THE ATMOSPHERE 


1. Aerodynamics and Aeronautics :— Aerodynamics is a genoral 
name for that part of Physics which deals with the properties of any 
gaseous medium in motion. Aeronaùtics is a specialised branch of it 
which, in particular, deals with the behaviour of atmospheric air when 
an aircraft moves through it. 


2. Facts about Atmosphere :—Before proceeding further to 
study the principles on which- the flight of an aircraft depends, the 
following facts about the atmosphere should be well remembered :— 


(A) Extent of the Atmosphere and the Variations of Pressure 
and Temperature with Altitude.—The composition of the atmos- 
phere has been dealt with in Part I, and it will be noted from there that 
nitrogen, oxygen, argon, and small traces of some other gases are the 
constituents of air and the percentage of composition slightly varies 
from one place to another. As the atmosphere extends upwards, the 
density of the air diminishes. Opinions, however, vary as to how 
high the atmosphere reaches. Some estimate the height to be as 
great as 200 miles eyen (vide Art. 304, Part I). In Art. 308, Part iA 
it has been described how the temperat of the dtmosphere falls as 
the height increases. Roughly speaking, in the lower belt of the 
atmosphere which is known as the troposphere, the temperature 
steadily falls at the rate of about 1°F. for every 800 ft. increase in 
height, and in the upper belt which is known as the stratosphere the 
temperature is more or less steady near about—60°F. and does not 
alter with the increase of height. 


The average pressure of the atmosphere at sea-level is about 14°7 
Ibs*wt. per sq. inch, which changes from Place to place and from day 
to day with changes of weather and temperature. The pressure 
decreases with increase of altitude. It has been estimated that about 
one-half of the total weight of the atmosphere is concentrated in the 
first 18,000 ft. In Art. 308, Part I, greater details about the variation 
of pressure with altitude is given. It should be remembered, however, 
that the pressura exerted by air in motion may be greater or less 
than the pressure exerted by air when stationary, according to the 
nature of its motion and from these pressures the forces of lift and 
drag (discussed later) on an aircraft ara obtained. 


(B) Air Resistance.—Due to the fact that air has weight and 


& that it is always subject to convection currents, air offers resistance to 
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any body which moves through it, and this resistance, for a body of 
given shape, and given relative motion, depends upon the properties 
of (i) viscosity, (i)-elasticity, and (iit) inertia, of the air. 


(i) Viscositiy.—I¢ is an inherent property of all fluids and has 
been dealt with in Arts. 223 to 229, Part I. Due to its existence, 
when any relative motion occurs between parts of a fluid, internal 
forces of frictional character are set up within the fluid which tend 
to retard the relative motion. This phenomenon clearly shows that 
the molecules of a fluid are mutually interlocked, the strengths of the 
bonds of interlocking vary, however, from one fluid to another 
depending on the viscosity. So when a body moves through air 
(which isa kind of fluid) and the layers of air in contact with it are 
moved, they also cause layers next to them to move to some extent. 
The types of movements that are caused in the neighbouring layers 
depend on the shape of the moving body and the magnitude of its 
motion relative to the air. When this relative motion is high, eddies 
or vortices are formed in the air around the body. It will be seen 
later that these eddies cause many phenomena connected with flight. 


(ii) Elasticity—tThe tendency of the air-particles to re-occupy 
former space from which they are disturbed is due to that property of 
air which is known as its volume elasticity (vide Art. 217, Part I). 
With increase of altitude when the pressure falls, the tendency of air 
to expand and thus to reduce in density arises out of this property. 


(ii) Inertia.— It is a property common to all matter (arising out 
of mass or density) due to which air tends to be at rest or in steady 
motion and resists any attempt to change such rest or motion. 


(C) Density.— The density of the air depends on the atmos- 
pheric pressure. It is greater at the sea-level and decreases with 
altitude. At sea-level the density of air is about 0'08 Ib. per cu. ft., 
and at 20,000 ft., it is only 0'042 Tb. per cu.ft, which is about one- 
half of the first value. It is the density of air which makes all flight 
possible, as an aircraft is supported in the air by forces entirely 
dependent on the density; the less the density the less the weight 
lifted and more difficult does flight become, and in vacuum any flight 
is impossible. . 


An idea about how the density of air decreases with increase of 
altitude will be obtained from the following table :— 


mee 
; Density Altitude Density 
Altitude (Ib./on. ft.) (Ib./on. ft.) 
Sea-level 0°0800 | 15,000 ft. 0'0503 
1,000 ft. 0'0778 | 20,000 ,, 0°0496 
5,000 ., 0:0689 | 80,000 ,, "0298 
10,000 ,, | 00590 | 40°0007,, 0°0197 
—_—_—__} 
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'(D) Humidity.—At the lower levels of the atmosphere water 
vapour is always present. The amount of it varies with thé season 
and diminishes with the increase of altitude. Under identical con- 
ditions of temperature and pressure, the density of. water vapour is 
only three-fifths of that of air and so the pressure of water vapour 
diminishes the pressure and density of the atmospheric air. 


CHAPTER II 
AIR RESISTANCE 


3. Streamlines :—Whenever a body is moved through air 
(or any other fluid), or the fluid flows past a body, there is always 
produced a definite resistance to its motion. This resistance is usually 
termed drag in aeronautical work. The effect of this resistance in the 
viscous fluid is to set up displacaments in the shape of eddies in the 
fluid. 


Tn such cases two modes of flow are possible: (a) turbulent flow, 
and (b) streamline flow. Tn Art. 226, Part I, the natures, of both 
these types of flow haye been described and it has been pointed out 
that the streamline (or laminar) flow degenerates into turbulent flow 
when a cortain relative velocity, known as- critical velocity, is 
exceeded. So when a body moves with an excessive velocity through 
a viscous medium turbulent motion causing eddies and vortices 
results and the resistance to motion of the body increases, tho 
magnitude of which depends also largely on the shape of the body 
but if a body is so shaped as to produce the least possible eddy 
motion and so the resistance to motion is also much reduced thereby, 
thon it is said to have a streamline shape, and the lines round the 
body interposed in the fluid showing the directions and shapes of tho 
disturbances are called streamlines. These streamlines enable us to 
understand the nature of the flow of the fuid past the body. 


As it is dificult to investigate the disturbances on an aircraft, 
while in actual flight, most of the aeronautical experiments for 
studying the phenomany of flight are earriod ont by scientists in the 
laboratory by using some form of Wind Tunnel,* in which air 
is made to flow past a model of acrop'ane which remains at rest 


*A wind tunnel is nothing but a suitable chamber in which, say, a model of 

an aeroplane is kept and an artificial high speed air-current is produced across $ 

_ it by the action of an air-screw (vide Art. 39). The temperature of this blast is 
$, also simultaneously kept very low by means of a refrigerating plant. 
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relative. to the funnel. The effect is the same as if the body were 
made to move through still air, because it is the relative motion of 
air to the aircraft, or the aircraft to air, which really matters in the 
investigation. 


_ Air Speed and Ground Speed.—True air speed of an aircraft 
is tke speed relative to air, that is, the speed with which it would 
travel in the absence of wind; while grownd speed means its speed 
relative to the earth, or the actual speed over the ground. For 
instance, if the normal speed (air speed) of an aircraft flying from A 
towards B be 100 m.p.h., while wind is blowing at 40 m.p.h. from B 
towards A, the aircraft will reach B with an actual speed (ground 
speed) of 60 m.p.h. 


It is possible to study and photograph streamlines and eddy 
motions by introducing smoke into the air-flow in wind tunnels, or 
coloured jets into the Water Tank Expariment described below. 


Water Tank Experiment.—The apparatus for demonstrating 
stroamlino flow of liquids consists of a rectangular reservoir at the top 
divided into two compartments O, 
and Ce [Fig. 1(b)] by two glass 
plates P, and Pa separated by a 
distance of about 1 mm. These 
Plates have equidistant perfora- 
tions inside the reservoir (ag 01), 
the perforations in P, being alter- 
nate to those in Py. One of the 
compartments O, is filled up with 
clear water and the other O, with 
a coloured water, say water 
coloured with potassium per- 
manganate. Now, the liquid 
flowing down between the plates 
from both the compartments 
collects at the bottom and finally 
flows out through a rubber tube 
provided with a pinch-cock. On 
opening the pinch-cock clear water Fig. 1 COTS Tank Ex ENUN 
from O, and coloured water from pais p k 
Ca will flow down between the plates through alternate perforations. 
The violet coloured tracks will show the parallel streamlines along which 
the water flows, and they finally curve inwards towards the end. Due 
to the colouring material the streamlines are made visible to an observer. 
The actual apparatus is shown in Fig. 1(a), where a thin body made 
of gutta-percha has been introduced in the stream between the plates 
to show the distortion of streamlines due to its shape. Similarly, 
small bodies of different shapes can be introduced to show how the 
streamlines are distorted in each case. 


$ 


a 


630 INTERMEDIATE PHYSICS > 


4. Effect of Shape:—One great object of the designer of 
aeroplanes is to reduce the eddy resistance to an absolute minimum, 
and much experimental work has been carried out with this in view. 
Results show that the shape of a body hasa striking effect on the 
amount of drag produced, and that enormous advantage is gained by 
adopting a ‘streamline’ shape the example of which in nature is the 
outline of a fish. When air flows past a perfectly streamlined body, 
no eddies are created in its neighbourhood. 


Fig. 2 shows some cf the streamlines flowing past a few bodies of 
different shapes. It will be roticed in 
Fig. 2(a) that, in the case of a flat plate 


SSF” Do the airflow breaks up after passing the 
a aa Ei edge of the plate into a series of eddies 
3 PS S and vortices, the size and nature of which 
ENNA) 2> will also be influenced by both the volo- 


city of the airflow and the linear dimen- 
sion of the plate. “It will also depend on 
the inclination of the plate to the direc- 
tion of air flow. Fig. 2(b) shows that 
owing to its position both sides are 
affected by the aircurrent. Streamlines 
at the bottom are deflected downwards 
and eddies are formed at the lower edge, 
whilst on the top there are similar 
eddies and also regions of lower pressure 
due to the distortion of the straight line 
motion of the air-current. When, how- 
ever, the obstacle has got a suitably cur- 
ved shape as in Fig. 2(c), the air or fluid 
passes over and behind the body in 
unbroken smooth lines termed stream- 
lines, and the obstacle giving rise to a 
definite streamline pattern is usually 
called a streamlined body. 


Fig. 2—Effect of shape. 


n On comparing flow past a rough 
obstacle with that pasta streamline body, we notice that in the 
former case large portions of the fluid spin around as if they were 
detached portions of the fluid. These isolated portions of the fluid 
are called eddies. A ball thrown in air and moving with spin will 
require more energy than when it is moving without spin. An eddy 
differs froma fluid moving in streamline manner in the same way 
as a ball moving with or without spin in air. For an aeroplane haying 
a rough shape, the energy of the spining fluid of the eddies must 
ultimately be ¢erived from the engine, and so, such bodies will 
tend to slow down the motion and produce inefficient flight. Stream- 
line shapes are, therefore, necessary for the efficiency of the aircraft. 
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5. «Resistance to Motion :— The above experiments show that 
the resistance offered to a body in relative motion with a fluid is made 
up of two parts ; (a) Eddy Resistance 3 (b) Skin Friction. 


(a) Eddy Resistance.— This is the portion of the resistance due 
to eddies formed when a viscous fluid flows past a solid body and we 
no longer get smooth streamline flow. The extreme example of 
this type of resistance is the case of a flat plate held at right angles 
to the fluid or wind [Fig. 2(a)]. The resistance in this cage is very 
large and the pressure in front of the plate is greater, and that behind 
the Plate is less than that of the atmosphere which causes a kind of 
sucking effect’ on the plate. The space immediately behind the 
plate is not traversed by streams of air and is called a dead space, 


(b) Skin Friction. — This is the resistance due to friction between 
the surface of a body, and the layer of air next to it. Also due to the 
viscosity of the air, layers near the surfaco will tend to retard those 
farther away. 

6. Resistance Formula —It can be proved and verified by 
experiments that when a body passes through air, the resistance R 
on it depends within certain limitations, on the following factors :— 


(i) The shape of the body; (ii) the surface ; (iii) frontal area of 
the body exposed (in sq. ft.); (iv) the square of the velocity V of air- 
flow (in ft. per sec.) ; (v) the density P of the air (in Tb. per cu. ft.) 
(vi) acceleration of gravity g (in ft. per sec.*), 


2 
Thus, we have tho resistance formula, R= es w, where K 


is a constant depending on the shape of the body, the value of which 
for a flat plate is 0'6 and that for a streamline is 0'03. 

7. Bernouilli’s Theorem :— Before proceeding further we should 
consider here a theorem, known as Bernouilli's Theorem, which states 
that in the flow of an ideal (i.e. not viscous) fluid the sum of the 
potential energy, kinetic energy, and the pressure energy is a constant. 
This theorem can be roughly verified by an experiment with the 
Venturi-tube illustrated in Fig. 3. 


8. Venturi-Tube Experiment :— A metal tube AB diverging at 
the two ends and haying a narrow neck in 
the middle is connected to a horizontal > ~ A 
glass tube TT, containing a coloured liquid SS Ae = — 
by means of a number of narrow mano- y 
meters h. When the reservoir R is half- 
filled with the coloured liquid, the liquid 
stands at the same level in all the Sei 
This happens at normal pressure over a i r 
the (oes When however, an air-stream Fig. 8—Venturi-Tube. 
from a wind tunnel passes through the Venturi-tube, speed of the air 
in AB will change from place to place due to which the liquid level in 
several of the inner manometers will rise. The greatest increase in 
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height will be observed in the narrowest part of the tube, wheze the 
speed of the air is also greatest. But the liquid level rises in the 
manometers due to reduction of pressure, we have this somewhat 
unexpected fact that the presswre of the air falls when its speed 
increases. 

As the change of potential energy is negligible, the increase of 
speed (and hence of kinetic energy) is obtained by losing some of its 
pressure energy. Hence it illustrates the Bernouilli’s theorem stated 
aboye. This vyenturi-effect, as it is called, is employed in many 
scientific devices in order to produce a reduced pressure. 

, 


CHAPTER III 


AEROFOILS (OR WINGS) : FLAT AND CAMBERED 
t SURFACES : LIFT AND DRAG 


9. Principles of Flight :—Let us proceed now to consider the 
question of why it is thatan aeroplane is capable of flying through 
air. In order that a heavier-than-air machine can fly, there must be 
some means of forcing the air downwaids so as to provide the equal 
and opposite reaction which will lift the weight of the machine, and 
in the conventional aeroplane this is provided for by wings, which 
are inclined at a small angle to the direction of motion. The neces- 
sary force driving the machine forward is obtained by the thrust of 
an airscrew. Tho wings (or aerofoils) are always slightly curved ; but 
let us consider the case ofa flat plate first, as in the original attempts 
of flight flat surfaces were used. 

10. Flat Plate inclined to Air Current :— For simplicity we 
Suppose that a flat plate AB is at rest and that the air-current flows 
past the plate AB which is inclined at an angle < to the direction of 
the airflow (Fig. 4). In Fig. 2(b), it has been found that in this posi- 
tion both sides of the plate are affected by the air-current, due to 
which pressure of air on the top surface is decreased while that under- 
neath the plate is increased. Hach of these pressure-changes produces 
forces Ry and R, acting upwards on the plate 
giving rise to a resultant force R, which is 
practically normal to the surface when the 
angle xis small. The forco Rı arising from 
the decrease of pressure pulls the plate up, 
and the force Ra arising from the increase of 
pressure pushes the plate up (vide Venturi- 
Tube expt.) The force R, called the total 
' reaction, can be resolved into two compo- 

Fig. 4 nents at right angles—one horizontal, D, and 
other vertical, L acting upwards. The com- 
ponent, L called the lift, balances the weight of the plate, and the 
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component D, called the drag, resists the motion through the air, 
Obviously, the E component which supplies the lifting force to the 
Plane is of profund importance. For equilibrium the Z component 
must equalise the weight W of the plate. If Wis greater than D, 
the plate will fall, and if less, it will rise. 


_ Actually in practice the flat surface is inefficient as a means of 
lifting because of the total resistance offered, and therefore the total 
engine power which has to be employed, is very high in comparison 
with the lift obtained, from it. 


11. «Aeroplane and Kite :—The flight of an aeroplane is much 
like that of a kite floating in air (vide Art. 58, Part I). In the case of 
the aeroplane the rush of air past the wings is due to the motion of 
the aeroplane itself through the air rather than to a wind, as is the 
case with the kite. The tension of the kite string here corresponds to 
the forward thrust of the propeller. The L component balances the 
weight of the machine, while, for equilibrium, the D component must 
be counterbalanced by an equal force which is obtained by the action 
of the screw propeller. On increasing the propeller speed, the forward 
thrust and R increase. Consequently, the LZ component becomes 
greater than the weight and so the aeroplane rises. It should be 
noted that the air-pressure depends only on the rate and direction 
with which the air and the body meet, and the result is the same 
whether the body moves to meet the air, or the body remains still 
and the air flows against it. Obviously, the greater the velocity with 
which the aeroplane and air meet the greater will be the air-pressure. 


12. Cambered Surface :—The advantage of using a suitably 
curved (or cambered as it is termed) surface, instead of a flat one, was 
soon discovered by which a much greater lift, especially when com- 
pared with the drag, could be produced. In this, the eddy disturb- 
ances due to the distortion of the streamlines can be minimised 
and so the efficiency of the system can be increased. Thus the 
modern aerofoil has both the top and bottom surfaces cambered. The 
top camber is greater than that of the bottom surface as due to this 
the lift component has an appreciably higher value over a wider 
range of the angle of incidence. The additional advantage of the 
curved surface is that if automatically provides a certain amount of 
thickness which is necessary for structural strength. The thickness 
is expressed as a percentage of the chord and for general use the best 
top surface camber is about 11 per cent. of the chord, while for high 
speed it should be only 7 or 8 per cent. 


AIRFLOW AND PRESSURE OVER ABROFOIL 


13. Some Definitions :—A transverse section of a wing (or 
aerofoil, as it is called) of an aircraft is shown in Fig. 5, where along 
the front of the aerofoil at A is the leading edge and at the rear 
at Bis the trailing edge. 
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_ The line AB joining the centres of curvature of the leading and 
trailing edges is called the Chord. 

z Camber is the curvature 
of the aerofoil of both 
the top and bottom surfaces. 
The greatest height of the top 
or the bottom surface, when 
divided by the chord length, 
is called the camber of tho 
respective surface. Camber 
decides thickness o the 
aerofoil. 


~e 

D, tof motion Š Angle of Attack is the 
angle between the chord line 
and the relative airflow, which 
is the direction of the airflow with reference to the aerofoil. 


Fig. 5—Airflow over Aerofoil. 


[N.B.—The angle of attack is, often referred to as the angle of 
incidence, but it is better not to use this term in order to avoid 
confusion with the Riggor’s angle of incidence, which is the angle 
between'the chord line and some fixed horizontal data lines in the 
aeroplane. For a given aeroplane this angle is fixed whereas the 
angle of attack may alter during flight.) 


The total length of the aerofoil perpendicular to the section is 
called the span ; and the ratio of the span to the chord is called the 
aspect ratio. 


14. Airflow past an Aecrofoil :—Experiments show the follow- 
ing results when a typical aerofoil. moves through air at a small angle of 
attack (vide Fig. 5)—(a) A slight upward deflection, called upwash, 
occurs in front; and (b) a considerable downward deflection, called 
downwash, occurs behind the wing. The downwash is important as 
it affects the direction of the air striking the tail plane or other parts 
of the aeroplane in the rear of the main plane ; (c) A smooth stream- 
line airflow takes place over the top and bottom surfaces ; (d) The 
streamlines are closer aboye the top surface than over the bottom; 
e) Above the top surface the speed of airflow is increased and below 
the bottom surface it is decreased ; (f) The pressure of the air above 
the wing is reduced below the normal atmospheric pressure due to the 
inereased speed of the airflow; and (g) the pressure below the wing 
is increased due to the decreased speed. 


Though the facts stated in (f) and (g) appear to be puzzling at 
first, it can be explained by the Venturi-Tube experiment. Here the 
upper surface is somewhat similar in shape to the lower half of the 
Venturi-Tube and the closer streamlines above the highest part of the 
camber resemble those passing through the neck of the Venturi- 
Tube. 
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As stated in the case of a flat plate the decrease of pressure above 
the wing surface produces a force Ry—which is an important part of 
the total foree—pulling the wing up and the increase of pressure 
below the wing give rise to a force Re pushing the wing up. Those two 
upward forces give us the resultant force R acting approximately at 
right angles to the chord line. But the decrease of pressure above the 
wing surface is more important, for to this is due the greater part of 
the lift force. Roughly about two-thirds of the total load on the wing 
may be attributed to this decrease of pressure while about one-third 
may account for the increase of pressure on the lower surface. 


[Nott.— It should be noted here that the common idea is that 
the airflow moving away from the upper ‘surface of the wing causes a 
partial vacuum and thus provides a lift force, but this is wrong. In 
fact, the greater will be the increase of speed as the air is drawn” 
closer on to the upper surface of the wing, and by the consequent 
reduction of pressure the upward force produced will be greater.] 


15. The Centre of Pressure :— The point in the chord line 
through which the total force R may be considered to act is known as 
the centre of pressure. It has no fixed position but varies according 
to the speed and the angle of attack. 


(a) Distribution of Pressure over an Aerofoil.—The distri- 
bution of pressure over the surface of an aerofoil has been experimentally 
determined, and its study is of great importance. The method 
consists in distributing a number of glass 
tubes, which are placed parallel to the 


direction of motion over the upper and Decrenree 
lower surfaces of the aerofoil. These are Wy lw 
connected to a manometer, and different ~=» A 

pressures are ascertained. Fig. 6 shows ~> ə 
the pressure distribution over an aero- Saiouied 
foil at an angle of attack of 5, from Pressures 


which the following observations are Fig. 6.—Pressure Distribution 
made :—(a) The pressure is not evenly over an aerofoil. 
distributed, both the decreised pressures on the top surface and the 
increased pressures on the lower surface being most marked over the 
front portion of the aerofoil ; (b) the greatest pressure-decrease (and 
hence the largest forces) occur on the top surface, and it is near the 
leading edge and over the highest part of the camber; (c) the decrease 
in pressure over tho top surface is greater than the increase on the 
lower surface. 

From this it is seen that the shape of the top surface is of great 
importance. It is the top surface, which by means of its decreased 
pressures, provides the greater part of the lift, and, at some angles of 
attack, this decrease of pressure on the top surface gives us as much 
as four-fifths of the lift. 

(b) Movement of Centre of Pressure.— Experiments show that 
the distribution of pressure over the aerofoil changes considerably 
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with the change of the angle of attack and consequently the centra: of 
pressure (C.P.) moves. The position of C.P. is usually defined as 
a certain proportion of chord behind the leading edge. The move- 


~ ment of C.P. isan inconvenient property of the aerofoil, for unless its 


centre of gravity (0.G.) and C.P. coincide, there will be a turning 
elifoot about O.G. To understand this let us suppose that for a certain 
angle of attack the C.G. and CP. coincide. Now, when the angle of 
attack increases there will be a forward movement of O.P., and so 
there will be a turning movement about C.G. equal to Rx, where R 
is the total wind thrust and a the distance between C.P. and O.G. 
This movement will rotate the aerofoil and still further increase the 
angle of attack and thus the equilibrium will be disturbed. 

_ In any case, large movements of C.P., will make the aeroplane 
difficult to control and so in a good aeroplane the movement of O.P. 
should be limited which is obtained by a suitable bi-convex cross- 


section or by increasing the aspest-ratio, for example, by tapering the 


wing. 


16. Lift and Drag :— In practice the direction of motion of an 
aeroplane is not always horizontal and so the L component is not 
always vertical. It is usual to split up the total reaction R into two 
components, L and D, relative to the airflow—the component L which 
is always perpendicular to the direction of the!airlow (or motion) is 
called lift, and that parallel to the direction of the airflow is called 
drag, which is always opposite to the direction of motion. Lift is 
used to balance the weight of the areoplane and keep it io the air in 
level flight. Other parts of the aeroplane as tailplane, elevator, ete., 
may provide further lift forces when desired. Dray is the enemy of 
Slight and every effort must be made to reduce it to a minimum. Only 
in normal level-flight the lift is vertical and the drag horizontal, but 
if, in turning, the wings of an aeroplane assume a nearly vertical posi- 
tion, then the lift L is nearly horizontal. Lift is always perpendi- 
cular to the direction of motion and drag is always opposite to it. 


17. Lift and Drag, Formulae :—in Fig, 5, R, is the resultant 
forco on a transverse sestion of the wing of an aircraft whose angle of 
attack is x and whose velocity is V. We have already seen in Art. 6 


Kp AV? 


that the total reaction (or resistance) R= Tb.-wt. 

We hive in Fig. 5, the lift component L=R cos 4, and the drag 
D= R sin x, whence 
a 2 


AV AV 
f Ib.-wt. ... (1), and D=Ksin «2 


L= K cost 


Tb.-wt. ... (2) 


where p represents the air density (in Ib. per cu. ft.) A the surfaco 
or plane area of the wing projected on the plane of the cord ( in sq. 
ft.), V the velocity of air speed (in ft. per sec.), and g the acceleration 
of gravity (=32°9 ft. per sec.*). 
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yn Sinco K is a constant for some given conditions in a machine, we 
may write the symbol Kı for K cos 4 and Kp for K sin a, which are 
spoken of as lift and drag co-efficients respectively. 


\ 

| 

i [Note.—(a) These symbols should not be confused with L and D 
F which give the actual lift and drag in pounds-weight, and Kz and Kp 
t are constants only. (b) The above relations are strictly true when < is 
: small, for we are not justified in assuming that Ris at right angles to 
p AB for large angles of attack.] 


AV? AV? 
i Then, we have, L = Kr- PEI and D-E- j ; and hence, 
« 
dividing one by the other, we get the important relation, pS Hf 
( D Kp 


and L/D is known as lift-drag ratio. 


$ 

? Note that when Z is exactly equal to the weight W of the aerofoil 
| ErpAv? 

: we get, for a normal horizontal flight, W= ae. 


18. Factors affecting the Lift-Drag Ratio :— The factors affect- 
ing the Lift-Drag ratio are : 


(i) The angle of attack—Wo get a maximum Lift-Dray ab an 
angle of attack of about 4° (see Fig. 7). 

: (ii) The airspeed.—Both lift and drag are directly proportional 
to the square of airspeed. Hence increase in airspeed will increase 
the lift and drag, other factors remaining the samo. 

(iii) Increase in wing surface or plane area (i. e. the area projected 

4 on to the plane of the chord).—This 
will incres:e the lift and drag when 
the plane is flying at the same speed 
and the same angle of attack in air 
of the same density. (In practice, how- 
ever, the angle of attack rarely remains 
constant even fora very short time.) 


(iv) Increase in density of the 
air.—V and 4 remaining the same, 
the increase in density will increase 
and the decrease of the density will 
decrease the lift and drag. 

19. Lift and Drag Curves :— 
In order to get some idea of what 
happens when the angles of attack 
of a typical aeroplane wing is gradu- "10° wa 1a" 
ally altered, we shall consider the Angle of Attack®— 
lift and drag curves shown in Fig. 1 Fig. 7—Lift and Drag Curves, 
Considering the curve drawn with 
the lift coefficient L and the angle of attack, it will be seen that there 
isa definite lift at 0°, and that the lift increases steadily between 


Coefficients >—> 
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0° and 12° where the graph is practically a straight line. The maxi- 
mum value reaches at about 15° after which the lift begins to dedrease 
rapidly. This rapid falling off is called stalling, and the angle of 
attack at which the lift reaches a maximum value is known as the 
stalling angle. 

Now for the Drag Curve we find that its value is always positive. 
It is least at about 0°. The increase of drag up to the stalling angle is 
not very rapid, but after it the increase becomes more and more 
rapid. 


20. Lift-Drag Ratio Curve :— We have considered lift and drag 
separately, but it should be realised that the ratio L/D under 
varying conditions is of great importance. We know that an aeroplane 
travelling through the air must employ power to create a propeller- 
thrust in order to overcome the drag of the aerofoils, and so it is 
desirable to require as little power as possible for a given lift or, in 
other words, for the sake of efficiency we want as much lift, but as 
little drag, as possible for our aerofoil, In fact, we want the highest 
possible values for the L/D ratio for any given working range. From 
Hig. 7, we find that the lift is highest at about 15° and the least drag 
we got at about 0°; so at neither of these angles we really get the 
drag, or the best lift-drag ratio. This shows the importance of the 
curve showing L/D ratio of the aerofoil against the angle of attack. 
Here we find that the greatest value of L/D occurs at about 3° or 4° 
at which angles the lift is about 20 times the drag. Thus, it is seen 
that an ideal aerofoil must be moving at an angle of attack of about 
3° or 4° when it will give its best all-round result. This angle at which 
the best result is obtained is sometimes called the optimum angle. 


[Note.—In Fig. 7, the values of lift and drag co-efficients are 
taken instead of the total lift and drag as the former will be pratically 
independent of the air-density, the scale of the aerofoil, and the 
velocity employed, whereas the total lift and drag will depend on the 
actual conditions at the time of the experiment, ] 

21. Stalling :— At values greater than that corresponding to 
the maximum lift, the lift falls off rapidly and this rapid falling off is 
called stalling, when the aeroplane is said to bé stalled. Stalling is 
accompanied by a loss of lift as well as much increase in drag. The 
airflow no longer shows a smooth Streamline flow and it finally 
changes into a turbulent flow. It is extremely dangerous if stalling 
happens at the time when the aeroplane is very near the ground. 

One of the devices in reducing the risk of stalling is the Handley 
Page slot, which is shaped rather like a wing and fitted on the leading 
edge of the main wing. On moying forward the slot at a time when 
the angle g ae of the aerofoil is increased, a smaller angle of attack 
is presented to the on-coming air causin. an increasi i 
the wing surface and the lift is restored. pa or 

22. Aerofoil Characteristics The lift and drag eoefficients 
of an aerofoil depends on the shape of the aerofoil, and they will 


ae 
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i 


23. The Ideal Aerofoil :— The characteristics of the ideal aero- 


rah are given by the curves in Fig. 7. Thus the ideal aerofoil should 
ave 


ob (1) A high mawimum lift co-efficient in order to lower the landing 

bi speed for the safety of the plane. The higher the lift-co-efficiont of 

kn the aeroplane, the lower will be its landing speed and greater will be 
the safety of the plane, 


E (2) A low minimum drag co-eficient—not only at a certain angle 
of attack, but it should remain low over a large range of angles. Thug 
the aeroplane will have a low resistance and will be able to attain 
high speed, 


( 
i (3) A High Lift-Drag ratio for the sake of efficiency, good 
; weight-carrying capacity for a small expenditure of engine-power and 
So less expense. 

(4) A small movement of centre of pressure to improve stability, 


(a) Compromises,— Tn actual Practice, however, we find that no 
aerofoil will meet all the requirements. Therefore, some Sort of 


compromise to be made. So different degrees of cambering is made 
according to the different Purposes the aeroplane is desired to serye, 
For instance, for high speed the top surface camber should be about 7 
or 8 per cent. of the chord while for general use it should be about 
10 or 11 per cent. of the chord. 


Both lift and drag are increased by increasing the camber of 
the upper surface, The alterations in the camber of the bottom 
surface of the aerofoil haye a much smaller effect, Modern aerofoils 
have their lower surface flat or slightly convex, 


24. Normal Horizontal Flight :— Without taking into account 
the forces on the tail unit, and aeroplane, when flying straight and 
level—which we refer as normal horizontal flight—may be said to be 
under the influence of the four main forces ; 

(1) The lift L of the main planes acting vertically upwards 
through the centre of pressure. 

(2) Tho weight W of the aeroplane acting vertically downwards - 
through the centre of gravity. 

(3) The thrust T of the propeller airscrew Pulling horizontally 
forward along the propeller shaft. 

(4) The drag D acting horizontally backward. ‘This is the total 
drag on the aircraft consisting of the drag of the aerofoils and also of 
the remaining parts of the aeroplane, 
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25. Conditions of Equilibrium :—In the ideal case when the 
aeroplane is flying level at a steady speed in a fixed direction, that is 
to say, the main condition of equilibrium of those four forces, which 
must obey the simple laws of mechanics, is that all the forces would 
act, through the same point. Then we haye, 

(i) L=W. This condition will keep the aeroplane at a constant 
height. If L>W (this is secured by increasing airspeed by increasing 
engine power), the aeroplane will ascent, and if L<W tho aeroplane 
will descent. 

(ii) T=D. This condition will keep the aeroplane moving at 
a constant speed. If 7>D the aeroplane will move with an accelera- 
tion and if T<D there will be retardation. In practice, however, 
these forces ara never constant owing to carrying conditions, e.g. 
the weight of tho aircraft does not remain constant in value, I is not 
constant as the angle of attack may change due to wing-thrust, the 
position of O.G. is not constant. Due to these difficulties the ideal 
arrangement of the forces is not possible. 

Now when the size and position of forces change, the turning affect 
of the aircraft, is controlled by the pilot by (i) control column move- 
ment (discussed later on) and (ii) mainly by ad justable tail plane. 


CHAPTER IV 
AEROPLANES AND THEIR CONTROLS : MANOEUVRES 


26. Component Parts of the Aeroplane :— Wo have already 
mentioned about some parts of an aeroplane and especially have dealt 
with one of its main parts, ùe., the wings or aerofoils, Let us state 
here that an aeroplane mainly consists of the following parts :— 


(a) Fuselage ; (b) Wings or Aerofoils ; (c) Propeller or Airscrew ; 
(d) Tail plane ; (e) Aileron ; (f) Elevator ; (g9) Rudder and Fin. GEF 


The Fuselage.— Tho main body of the machine is referred to as 


the fuselage, which must 
be large enough to con- 
tain engine, tanks, pilot, 
bombs, goods, passen- 
gers, etc. that the ma- 
chine has to carry. 

Tail plane.— It is a 
small plant fitted at a 
considerable distance be- 
hind the main plane in 
order to provide the up- 
ward or downward forces 
necessary to contract the 
unruly action of the four 


Fig. 8—Aeroplane, 


main forces mentioned in Art. 24. 


AEROPLANES AND THEIR CONTROLS : MANOEUVRES 641 


` 

27. The Propeller or Airserew:—The theory of airscrew is 
too advanced to be considered here, but a general idea of the work of 
an airscrew will be given here. 


A propeller, also called an airserew, is much like an ordinary 
electric fan in appearance, but while a fan sucks air from behind and 
throws it forward, an airscrew sucks air from the front and throws 
jt backward, The result is that due to reaction the fan tends to move 
backwards, while the airserew is thrust forward, and thus pulls the 
aeroplane along with it. The thrust of a propeller is the forco with 
which it drives the air backwards or urges the aeroplane forwards. 
The propgller is the means by which the power of the engine, which 
rotates it, is transformed into a forward thrust, and thus gives the 
aeroplane a translational velocity. Thus the aeroplane forces its way 
through the air by means of propellers rotating in a veritcal plane and 
we may say in effect that an airscrew screws itself through the air 
pushing or pulling the aeroplane to which it is attached, The pro- 
pellers are situated either in front of the body of the mechine, when 
it will cause tension in the airscrew shaft and will thus pull the 
aeroplane forward (in which case the aeroplane is called a tractor) 5 
or in the rear of the body when it will push the plane forward (in 
which case it is called a pusher). Airscrews vary in the number of 
blades from two to four, but the two-bladed variety is the easiest to 
manufacture and slightly more eflicient. The shape of each part of 
an airserew blade, taken in a direction at right angles to its length, is 
found to be similar to that of an aerofoil. 


The diagram (A, B, O, in Fig. 9) shows several cross-sections 
taken at various distances from the centre. The airscrow also derives 


similar forces from the airflow to those 
giving lift and drag in the case of wings 


but owing to variations in camber, 


chord and speed, the lift and drag ; 
components increase and decrease from dhao Ss 


section to section. The airscrew may tt 
be considered to be exactly like an € ( ( 
aeroplane wings, but that, instead of 

moving in a straight line and support- eis Pra 


ing the aeroplane, the airscrew moves 
ina spiral path and produces the 
thrust which overcomes the drag of 


the aeroplane. Due to their different ‘ 
functions the plane form of an airscrew blade differs from that of a 


wing ; and the airscrew blade is twisted so that the angle to the shaft 
of the propeller is greater at the base than at the tip, while tho angle 
of the wing is almost the same throughout. Thus the forward thrust 
of the airserew corresponds to the upward lift of the serofoil, and drag 
in this case is represented by the resistance of the air to the rotatory 


motion of the airserew. 


Vol. I—41 


Fig. 9—Air-screw Torque- 
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The total airserew thrust is the sum of the thrusts on each blade 
section, and it is the force which pulls the aeroplane through tie air. 
The total drag on all the blade sections constitues a couple—known 
as airscrew torque—which resists the rotatory motion of the airscrew 
(Fig. 9) and opposes the engine torque (or the turning moment) 
applied to the airscrew shaft by the engine. The airscrew torque has 
to be overcome by the engine torque. This is analogus tothe thrust 
and drag in the case of an aeroplane. 


_ (a) Pitch.—The airscrew is a screw which screws its way 
through the air in the same way as an ordinary screw does through 
wood but some important differences are to be noted. In the case of 
an ordinary screw the distance moved forward in one revorution is a 
fixed quantity and is called the pitch of the screw, the value of which 
depends on its geometric dimensions, and is usually called the geo- 
metric pitch. But, in the case of the airscrew, the distance moyed 
forward in one revolution (called the advance per revolution) is not a 
fixed quantity as it depends entirely on the forward speed of the 
aeroplane. Another important difference between the airscrew and 
the ordinary screw is that the airscrew has no actual grip on the air 
comparable to an ordinary screw in wood and there is a certain 
amount of slip so that the distance moved forward is less than the 
geometric pitch. This distance is not also constant as it varies with 
the speed of the aeroplane. Thus the slip of a screw is the difference 
between the distances it should travel theoretically and its actual 
progress. 


(b) Pitch Angle.—We should all know that the twisted appear- 
ance of the airserew blades is not without any meaning—rather it is 
the product of highly skilful design. The sections of the blade near 
the tip are moving with a much greater velocity than those near the 
root, and so most of the thrust is produced by the portions near the 
tip. For this reason the pitch (or blade) angle is not the same through- 
out the airscrew blade in order that every part of the airscrew may 
move the same distance forward during one revolution of it. Other 
things being equal, a large propeller moving comparatively slowly 
gives more thrust than a small one driven at high speed. The pitch 
(or blade) angle is the angle which the chord of any given blade 
section makes with the horizontal plane when the airscrew is laid flat 
on this plane, its axis being vertical. 


The Haperimental Mean Pitchis the distance the airserew moves 
forward in one revolution when the thrust is zero, and when the 
thrust and efficiency of the airscrew isa maximum, the pitch is called 
the Effective Pitch. 


(c) Efficiency :— The efficiency of an airscrew is the ratio of the 
useful work done by it to the work put into it by the engine. In actual 
flight for the same rotational speed of the airscrew, a forward motion 
—which means some useful work done—may be attained at which 

a ach blade section meets the airflow at the angle of attack of about 3°, 
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which is the most efficient angle of attack for an aerofoil having its 
maximum lift-drag ratio. So here the ratio of the airscrew thrust to 
the torque is a maximum; and so at this speed the screw has 
maximum efficiency. 

28. Fixed Pitch and Variable Pitch Airscrews :—It has been 
seen that only at a particular speed of the aircraft a fixed-pitch airscrew 
has got its maximum efficiency at a given rotational Speed, but in 
practice, the actual speed of an aircraft varies over a more or less 
wide range. An airscrew whose pitch can be varied by the pilot, 
when in flight, is called a variable pitch airscrew the mechanism of 
which is rather complicated, though this is very effective for all condi- 
tions of fight. But whether a variable pitch airscrew is advisable or 
not depends on the speed-range of the aeroplane. For a high spoed- 
range, a variable pitch airscrew is essential, and when the maximum 
speed is relatively low, a fixed-pitch airscrew will work quite well. 
With this type of airscrew an aeroplane might be brought home 
safely when in danger, which would have been impossible with the 
fixed-pitch type. So for a modern machine of high-speed range a V. P. 
airscrew is essential. 


STABILITY AND BALANCE 


29. Stability and Balance :—If an aeroplane, when disturbed, 
tends to return to its original position, it is said to be stable and the 
stability of the machine means its capacity to return to some parti- 
cular condition of flight after it is slightly disturbed from that 
condition. 

[ Note.—Stability should not be confused with balance. Suppose 
an aeroplane flies with one wing more dipping than the other and it 
may, when disturbed from this state, return to its former position, 
Such an aeroplane is not unstable but only out of its proper balance.) 

30. Stability :—An aeroplane may rotate about three axes all 
mutually at right angles to each other and all passing through the 
centre of gravity of the aircraft. These axes are as follows : The 
Longitudinal (or rolling) avis XOX’ running from nose to tail ; the 
Lateral (or pitching) axis YOY” in the same horizontal plane, and the 
Normal (or yawning) awis ZOZ'. 

(1) The rotatory motion of the aeroplanes about the lateral axis 
is called pitching caused mainly by a wind-gust resulting in the nose 
rising or depressing. During pitching the longitudinal axis moves in 
a vertical plane. 

The capacity to correct pitching is defined as Longitudinal 
stability. 

(2) Any rotatory motion of the aeroplane about the longitudinal 
axis is called rolling, resulting in one wing rising and other 
dropping. The lateral axis moves in a vertical plane during rolling. 
The ability of the aeroplane to correct rolling is called Lateral 


stability. 
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The total airscrew thrust is the sum of the thrusts on each blade 
section, and it is the force which pulls- the aeroplane through tite air. 
The total drag on all the blade sections constitues a couple—known 
as airscrew torque—which resists the rotatory motion of the airscrew 
(Hig. 9) and opposes the engine torque (or the turning moment) 
applied to the airserew shaft by the engine. The airscrew torque has 
to be overcome by the engine torque. This is analogus tothe thrust 
and drag in the case of an aeroplane. 


= (a) Pitch—The airscrew is a screw which screws its way 
through the air in the same way as an ordinary screw does through 
wood but some important differences are to be noted. In the case of 
an ordinary screw the distance moved forward in one revofution is a 
fixed quantity and is called the pitch of the screw, the value of which 
depends on its geometric dimensions, and is usually called the geo- 
metric pitch. But, in the case of the airscrew, the distance moved 
forward in one revolution (called the advance per revolution) is not a 
fixed quantity as it depends entirely on the forward speed of the 
aeroplane. Another important difference between the airscrew and 
the ordinary screw is that the airscrew has no actual grip on the air 
comparable to an ordinary screw in wood and there is a certain 
amount of slip so that the distance moved forward is less than the 
geometric pitch. This distance is not also constant as it varies with 
the speed of the aeroplane. Thus the slip of a screw is the difference 
between the distances it should travel theoretically and its actual 
progress. 


(b) Pitch Angle.—We should all know that the twisted appear- 
ance of the airserew blades is not without any meaning—rather it is 
the product of highly skilful design. The sections of the blade near 
the tip are moving with a much greater velocity than those near the 
root, and so most of the thrust is produced by the portions near the 
tip. For this reason the pitch (or blade) angle is not the same through- 
out the airscrew blade in order that every part of the airscrew may 
move the same distance forward during one revolution of it. Other 
things being equal, a large propeller moving comparatively slowly 
gives more thrust than a small one driven at high speed. The pitch 
(or blade) angle is the angle which the chord of any given blade 
section makes with the horizontal plane when the airscrew is laid flat 
on this plane, its axis being vertical. 


The Bxperimental Mean Pitchis the distance the airscrew moves 
forward in one revolution when the thrust is zero, and when the 
thrust and efficiency of the airserew isa maximum, the pitch is called 
the Effective Pitch. 


(c) Efficiency :— The efficiency of an airscrew is the ratio of the 
useful work done by if to the work put into it by the engine. In actual 
flight for the same rotational speed of the airscrew, a forward motion 
—which means some useful work done—may be attained at which 

e ach blade section meets the airflow at the angle of attack of about 3°, 
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which is the most efficient angle of attack for an aerofoil having its 
maximum lift-drag ratio. So here the ratio of the airscrew thrust to 
the torque is a maximum; and so at this speed the screw has 


maximum efficiency. 


28. Fixed Pitch and Variable Pitch Airscrews :—It has boon 
seen that only at a particular speed of the aircraft a fixed-pitch airscrew 
has got its maximum efficiency at a given rotational speed, but in 
Practice, the actual speed of an aircraft varies over a more or less 
wide range. An airscrew whose pitch can be varied by the pilot, 
when in flight, is called a variable Pitch airscrew the mechanism of 
which is rather complicated, though this is very effective for all condi- 
tions of fight. But whether a variable pitch airscrew is advisable or 
not depends on the speed-range of the aeroplane. For a high speed- 
range, a variable pitch airscrew is essential, and when the maximum 
speed is relatively low, a fixed-pitch airscrew will work quite well. 
With this type of airserew an aeroplane might be brought home 
safely when in danger, which would have been impossible with the 
fixed-pitch type. So for a modern machine of high-speed range a V. P. 
airscrew is essential, 


STABILITY AND BALANCE 


29. Stability and Balance :—If an aeroplane, when disturbed, 
tends to return to its original position, it is said to be stable and the 
stability of the machine means its capacity to return to some parti- 
cular condition of flight after it is slightly disturbed from that 
condition. 

{ Note.—Stability should not be confused with balance. Suppose 
an aeroplane flies with one wing more dipping than the other and it 
may, when disturbed from this state, return to its former position, 
Such an aeroplane is not unstable but only out of its proper balance, | 

30. Stability :—An aeroplane may rotate about three axes all 
mutually at right angles to each other and all passing through the 
centre of gravity of the aircraft. These axes are as follows : The 
Longitudinal (or rolling) awis XOX’ running from nose to tail ; the 
Lateral (or pitching) awis YOY’ in the same horizontal plane, and the 
Normal (or yawning) avis ZOZ’. 

(1) The rotatory motion of the aeroplanes about the lateral axis 
is called pitching caused mainly by a wind-gust resulting in the nose 
rising or depressing. During pitching the longitudinal axis moves in 
a vertical plane. 

The capacity to correct pitching is 
stability. 

(2) Any rotatory motion of the aeroplane about the longitudinal 
axis is called rolling, resulting in one wing rising and other 
dropping. The lateral axis moves in a vertical plane during rolling. 
The ability of the aeroplane to correct rolling is called Lateral 


stability. 


defined as Longitudinal 
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(3) The rotatory motion about the normal axis is called yawing. 
It results in the nose and tail being deflected to one side, and in this 
both axes move. The capacity to correct yawing is called Directional 
stability. 

(a) Longitudinal Stability.—This is achieved by the tail plane 
by setting it at an angle less than that of the main plane. Suppose 
that due to wind-gust the nose of the machine is thrown up. Tho 
tail plane is then turned so that it presents an angle of attack less 
than that of the main plane and thus a force is obtained on tho tail 
plane in such a direction as is necessary to counteraet the movement 
of C. P. of the main plang, which is detrimental to stability, and thus 
to bring the machine to equilibrium position, Another condition for 
longitudinal stability is that the position of the centre of gravity of 
the aeroplane must not be too far back. 


(b) Lateral Stability —During normal flight the lift on the wings 
is vertical, and equal and opposite to the weight, but when a roll takes 
Place one wing drops and the other goes up. In this position the lift 
is inclined and is no longer in the same straight lino as the weight. 
As a result of these two non-parallel forces, the machine cannot be in 
equilibrium and moves bodily sideways, called side slip, in the 
direction of the lower wing. To overcome this lateral instability a 
small positive dihedral angle is introduced between the two wings by 
setting the wings to be inclined upwards by a small angle to the 
lateral axis. Now the vertical component of the lift on the lower 
wing is increased, the angle of attack being greater, and that on the 
other side is decreased and thus a couple is introduced which brings the 
aeroplane to the normal position. Lateral stability depends also on 
the position of tho centre of gravity of the aeroplane. 


[The dihedral angle is the angle between each plane and the 
horizontal for the nor.nal position. It is positive when the plane is 
sloping upwards and negative when sloping downwards,] 


(e) Directional Stability.—This is secured by fibting a small 
aerofoil vertically at the centre of the tail Plane. This acts in a way 
similar to that of the tail plane and Produces a force which opposes 
any tendency to spin round the normal axis. This small aerofoil is 
known as the fin, which is the most important factor, for, both by its 
surface area and position, a correcting turning moment is obtained 
from it. 

Lateral and directional stability are inter-relative. A roll is 
followed by a yaw and vice versa, and the study of the two cannot 
be separated. 


31. Control :—It is no doubt necessary that an aeroplane should 
be stable but that is nob enough. Itis also necessary to control the 
machine to force it to take any desired position, or to correct any 
tendency of the machine to wander from any desired path. When the 
pilot desires to bring about such changes he has at hi3 disposal three 
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moyable control surfaces which are operated from the cockpit by 
means of cables or rods : (a) the elevator, (b) aileron, and (c) rudder. 


(a) Longitudinal Control and the Elevators.— Longitudinal 
control is the control of pitching and is obtained by the elevators 
which are flaps hinged behind the tail plahe by which the angle at 
which the machine is flying can be altered and thus the nose of the 
machine can be raised or lowered as desired. Elevators are operated 
by means of the control column (also called Joystick) situated in front 
of the pilot's seat. By pulling the Joystick backwards, the elevators 
are raised by which action the aeroplane begins to ascent, and the 
opposite action takes place by moving the Joystick forward. 

(b) Lateral Control and the Ailerons.— Lateral control is the 
control of rolling of the lateral axis and is obtained by the ailerons 
which are flaps hinged at the rear of the main wings near each wing- 
tip. They are connected together so that when one flap is dopressed 
the other on the opposite wing-top is raised. When a machine has 
been tilted through an ang’e laterally by an wind-gust, the pilot rights 
the aeroplane by depressing the ailerons. Thus by the aid of the 
ailerons the aeroplane may be banked, that is, the machine may fly 
with one wing lower than the other. The ailerons are operated by 
moving the control column by the hand or sometimes by a control 
wheel like the steering wheel of a motor car. 

The linkages of the control surfaces are so designed that the 
controls may be moved instinctively from the pilot's cockpit when 
any manoouyre is desired. 

The elevators and ailerons are moved by a single control column 
in the pilot's cockpit. By pushing the control column to the left, the 
right-hand aileron is lowered and the right-hand wing is lifted up; 
while nt the same time the left-hand aileron is raised and the left- 
wing dips down. Thus the whole aeroplane is banked to the loft. 
This control is required as instinctive. 

(c) Directional Control and the Rudder.—It is the control of 
yawing or rotation about the normal axis, and is obtained by the 
rudder, which is a vertical flap hinged on fo the rear of the fin, This 
is operated by a rudder bar in the cockpit and worked by the pilot's 
feet. On pressing the right foot forward, the rear of the rudder will 
be moved to the right and the aeroplane will turn to the right and so 
on. ‘The function of the rudder is to keep the machine in its correct 
course, and it is also used in conjunction with the ailerons for turning 
the machine. 

In general, the movement by the rudder will give rise to a side 
force on the fin, movement of the elevator will produce a foree on the 
tail plane while the movement of the aileron increases or reduces the 
lift on the wing, as the aileron is pulled down or pulled up. 

It should be noted that in each of the above cases the control 
surfaces are placed as far as possible from the centre of gravity of the 
machine so as to provide sufficient leverage to alter its position. 
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(d) Engine.—Besides the above control units, the engine is 
also considered as another unit, the primary function of which, from 
the point of view of control, is to vary the height at which the machine 
is flying for a given angle of attack, speed, etc. 


32 Stability and Control :— The difference between stability and 
control should be clearly noted. Stabilising devices, such as the tail 
plane and fin, restore the aeroplane to its original path of flight after 
a disturbance has occurred while, on the other hand, the pilot uses 
the control surfaces, such as the elevators, ete. to manoeuvre the 
machine into any desired position; but change of altitude will be 
resisted by the inherent stabilising devices. The control» surfaces 
should therefore be effective enough to overcome the action of the 
stabilising devices. 


Stability and Trim.— When an aeroplane is in trim it will continue 
to fly without changes of direction or altitude, even when the pilot 
takes his hand off the controls provided it has the necessary stability. 
But if the aeroplane is not in trim it will either go slowly up or down, 
and this want of trim ean be corrected by the use of small auxiliary 
flaps, called trimming tabs—hinged to the trailing edge. 

33. Manoeuvres :— The various manoeuvres which an aeroplane 
may be required to perform are given below. 

(1) Take-off and landing.—In take-off, the throttle of the 
engine is opened, and the machine moves over the ground gaining speed, 
while the pilot depresses the elevators, thus raising the tail. The 
machine then rises up attaining the minimum speed to be sustained 
in air. 

Landing is done by bringing down the speed of the craft until 
it is brought into contact with the ground. Landing may be slow 
or fast. 


(2) Gliding.—In this the engine is throttled down until the 
speed of the engine is just sufficient to keep the engine going. Now 
the thrust T disappears and the ‘rerafs must be kept in equilibrium 
by the forces of lift, drag, and weight only, i.e. the total reaction, or 
the resultant of the lift and drag, must be exactly equal and opposite 


(3) Climbing.—In order to make a climb, the pilot holds the 
control column backward to have the angle of attack between the 
normal and stalling values. 


(4) Banking.—Banking is accomplished by moving the ailerons 
over, so that one wing drops and the other rises, In this the lift 
force, in addition to lifting the machine, Supplies a component to- 
wards the centre of the turn, so that a large force is obtained for ` 
pulling the machine into a circular path and settling it down to the 
steady condition. 
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Besides these, other different Manoeuvres done by expert pilots are 
as follows: (5) side slip [wide Art. 30()] ; (6) Ceiling [vide Art. 33] ; 
(7) Loop ; (8) Spin; (9) Roll ; (10) Zoom ; (11) Nose-dive. 

34. High Altitude Flying :—It has already been Pointed out that 
with the increase of altitude the density, pressure and temperature 
of the atmosphere all decrease, and these cause important modifica- 
tions in the forces acting on the aircraft. The effect of decrease of 
the density of air may be summarised as follows: (a) Decrease in 
lift and drag ; (b) Falling off in the power of the engine; (c) Decrease 
in air-screw thrust. 


(a) Lift and drag depend on the density of air. At higher 
altitude the density of air is considerably less than that at ground 
level and so the lift can no longer-balance the weight of the aircraft. 
It is necessary, therefore, either to increase the speed of the aircraft, 
leaving the angle of attack the same, to obtain sufficient lift to balance 
the weight, or to increase the angle of attack (vide Art. 18), which 
in turn will increse the drag. 

There is, however, a limit to the possible increase of speed as it 
depends on the power of the engine which is also limited, and further 
there is also a limit to the increase of the angle of attack, as, we 
know, when this is made too great, the lift will decrease instead of 
continuing to increase, or, in other words, there will be stalling of the 
machine. 

(6) As the pressure of air decreases with height, the weight of 
petrol-air mixture taken into the cylinder of the engine for combus- 
tion is reduced and so there is a considerable falling-off in the power 
on the engine. This may be remedied to a certain extent by super- 
charging, ie. by forcing the mixture into the cylinder with a pump. 
But ultimately the atmospheric pressure becomes so small that, with 
all existing engines, there is a height at which the power begins to fall 
off in spite of the supercharger, and we find that sooner or later a 
height is reached which cannot be exceeded. Thus the maximum 
height to which an aeroplane can fly depending on the construction, 
design, and, weight and engine power, is called the ceiling of the 
aeroplane. 4 

(c) In rarefed air the airserew-thrust is sufficiently reduced even 
when the engine and propeller revolutions per minute are sufficiently 
increased. In such cases variable pitch airscrew are usually employed 
to compensate for the loss to some extent. 

In the stratosphere, the temperature is nearly—60°F., and at this 
low temperature, all metal joints become leaky, rubber becomes brittle, 
pipe lines freeze, and so on, unless special precautions are taken. 

Again, the low temperature and low pressure at high altitudes 
affect the comfort of the pilot and other passengers. For the low 
temperature, heavy warm clothing (woo'en, preferably leather cloth) 
garments are essential and the cabin should be electrically heated. 
For oxygen deficiency in the lungs, oxygen is supplied from cylinders. 


648 INTERMEDIATE PHYSICS 2 


But at sufficiently high altitudes, the pressure in the lungs becomes so 
low that the oxygen deficiency may finally endanger life. The cabin 
requires, therefore, to be properly sealed and pressurised to maintain 
the standard pressure inside. 

At height more than 10,000 ft. symptoms such as drowsiness, 
breathlessness, mascular weakness, etc. become pronounced, and at 
about 25,000 ft. it becomes dangerous. Apparatus for the artificial 
administration of oxygen is always necessary for high altitude flights 
and with its aid flying up to heights of about 35,000 ft. may be safely 
undertaken. 

Besides this, discomfort or pain in the ear is often felt by tho 
pilot due fo changing atmospheric pressure. Against these flisadvan- 
tages, one should remember that the weather conditions remain fairly 
constant at high altitudes. So high altitude. flight is smooth and safe. 
For these reasons it is popular from the commercial point of view. 


Questions 


___1. What are meant by ‘stream-line’ flow and ‘stream-lined’ body? Whao 
is the importance of stream-lining all parts of an aircraft which are exposed to 
airflow ? (ef. Bihar, 1955) 
2. Write short notes on any three of the following :—(a) Airships ; (b) 

Acrofoil ; (c) Parachutes; (d) Stream-line and Turbulent flow; (e) Stalling 
(Pat. 1944) 


3. What is meant by ‘aerofoil’? How does the aerofoil of an acroplane 
determine the efficiency of it? (Pat. 1944) 
Explain fully how the wings of an aeroplane support it high up in the 

air, Indicate the forces that act on the machine, (Pat. 1939) 
4. Write a note on the flight of an aeroplane indicating the part played by 

the more important portions of it. (Pat. 1942) 
{ 5. Describe what happens when a flat plate moves through air, and explain 
why aeroplane parts are stream-line shaped. (Pat. 1939; cf. '44) 


6. Explain what is meant b i i i 
y stream-line flow. Describe an experiment 
to femposrat: the deformation of stream-lines by an obstacle. 
faint groa ite flow of air past a flat plate moving through air with a high 
ee A sat plane inclined at a small angle to the direction of motion 
4 wa ifting force is produced on the plate and explain how it varies 
will ne angle of incidence of the plate. (Pat. 1945) 
ais hee are cambered wings in an-aeroplane ? Explain their action. Also 
p ith neat diagrams the actions of the tail, elevator, fin, and rudder. 
Py . 1988, "49) 
8. Explain with the aid of ; ae ie 
E neat diagrams the action of zator, (ii) fi 
and (iii) rudder, of an aeroplane. ii 2i gas 
. $ ; , A- p 7 
Nhat is a 'cambered wing’ ? Draw a neat diagram of a section of it 
Bete n its span, and indicate in it the lengths known as the ‘chord’, 
per camber’ and the ‘lower camber’. What are the essential points that 


aeroplane ‘can ascend ? Give reasons. == (Pat. 1949; cf. Utkal. 1948) 


a Pe y the structure of an aeroplane 
wing and discuss the factors upon which the lifting efficiency depends. - 


(Utkal, 1949) 
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13. Write notes on: (a) stream-line and turbulent flow, (b) lift and drag, 
(©) aerofoil, and (d) air-screw. (Pat. 1953). 
_ 13. How do you get the ‘lift’ that supports an airplane in the air, and what 
is the corresponding ‘wing-drag' ? 

Define coefficients of ‘lift’ and ‘drag’, and prove that in horizontal flight 
(when lift must be equal to the weight of the machine), 


vA W where F is the velocity of the machine, 


s the area of the wing, kz, the coeficient of lift, and d the density of air 
supposed uniform. (Pat, 1940). 

l4. Explain what you understand by ‘lift’ and ‘drag’. Illustrate graphically 
how the atio of the two varies with the angle of incidence of the aerofoil. 
Explain the action of an air-screw, (Pat, 1955). 

15. Write short notes on the variations of ‘lift’ and ‘drag’ with the angles 
of incidence. (Pat. 1953), 

16. A stream-line body having a frontal area of 1 sq. ft. moves through air 
with a speed of 180 m.p-h. Calculate the ‘drag’ on the body assuming the value 
coefficient’ to be 0°04 and density of air 0'056 Ib. per cu. ft, 

242 1b.-wt.] 

17. Define ‘Centre of Pressure’. How does the C. P. of an aerofoil move 
with the increase of the angle of attack from 0° to 20° ? 

18. What are the factors on which the ‘lift and drag’ of an aircraft depend ? 

19. Criticise the following statements :—(a) ‘Lift’ increases as the angle of 
attack of the wing increases; (b) lift is always vertical; (c) ‘lift and drag’ are 
ajfected only by air speed and angle of attack, 

20. Draw a neat ‘sketch of an aeroplane showing its essential parts and 
explain fully the control system in it. (Pat, 1943). 

21. Draw a sketch showing the four principal forces acting on an aeroplane 
in normal horizontal flight. 

22. What is an ‘air-screw’ ? Explain how it gives the forward motion to 
an aeroplane. (Bihar, 1956; Pat. 1939, "53). 

23. Write a short note on the air-screw and explain clearly how it propels 
an aeroplane through air. (Utkal, 1952). 
24. Describe the parts of an aeroplane which ensure its stability in all 
possible modes. Illustrate, by neat sketches, the mechanisms to control its 
motion in various directions and indicate how the pilot manipulates them in 
taking a turn, (Pat. 1941, cf. ‘44), 

25. How can you distinguish the difference between stability and control ? 
Name the axes about which pitching, rolling and yawning of an aircraft take 
place. Which control is used to produce each motion? z ; 
26. Compare the flight of an aeroplane with that of a kite in air, Explain 
how an aeroplane maintains its stability during flight. (Bihar, 1958). 

27. At, a certain speed of normal horizontal flight of an acroplane the ratio 
of its Ift to drag is 75 to 1. What are the values of “lift, thrust, and drag’ 
when there is no force on the tail plane ? The weight of the aeroplane is 3500 Ibs. 

[ Ans. lift=3500 Ib.-wt ; thrust=467 Ib.-wt.; drag=467 Ib.-wt ] 

98. What is the true air speed on an aeroplane at a certain height weighing 
60,000 Ibs. and having a wing area of 1800 sq. ft. The ‘lift’ coefficient is 05 and 
the density of air at that height is 0:056 Ib. per cu. ft. 

Calculate also ‘thrust’ and ‘drag’ when the value of L/D ratio is 8. 

[ Ans. Speed=248 m.p.h.; thrust=7500 Ib.-wt. ; drag=7500 1b.-wt. ] 

59. Write notes on any four of the following :—(a) stream-line flow, (b) 
Bernouilli’s law, (c) stalling, (d) rolling, and (e) pitching. (Pat. 1958). 

30. Can an aeroplane fly without wings ? Can an aeroplane fly in a vacuum ? 
Give reasons for your answer. (Utkal, 1952), 


APPENDIX (B) r 


Ammonia Ice Machines :—Ice-making plants producing more than 
5 tons a day usually employ ammonia (NHs) asa refrigerant now-a- 
days. Such plants belong to the domain of commercial refrigeration. 
The boiling point of ammonia is —28°F, It has an offensive odour 
and it is irritating to the eyes and throat. At the pressure and tem- 
perature of the condenser it has a relatively low specific volume but 
high latent heat. Though not dangerous in moderate concentration, 
itis associated with an element of fire or explosion risk in the event 
of leakage. So itis used in a sealed system. It is not recommended 
for use in a domestic appliance. 


Here the working principle of an absorption system of Ammonia 
Ice Machine is described in brief. The compression system is mora 
economical in operation though higher in first cost. It is, however, more 
extensively used now-a-days. On the other hand, the absorption 
machine has absolutely no moving parts to wear out, no attention is 
required and it has a considerable advantage in first cost. A minor 
disadvantage is its need for water cooliag in all but the smallest plants, 


The Refrigeration Cycle.— That when a liquid changes from the 
liquid state to the gaseous state heat is absorbed, is the basic principle 
utilized in refrigeration. For this change of state to take place at 
comperatively low pressure and low temperiture so that the heat 
absorbed may be large for the practial purpose, the choice of the 
refrigerent is limited. In the ammonia system, the refrigerent used 
is Ammonia (NHs). Evaporation is caused by releasing the refrigerent 
from a high to a low pressure in the unit called the evaporator, Heat 
is extracted from brine kept in a tank in which the evaporator 
is immersed. The vaporized NH, is continuously extracted from the 
evaporator and thus the haat is carried away. To dissipate the heat 
gain of NHs, the latter is sucked into a compressor, which raisos the 
pressure of NHs, from which it is discharged into a condenser in which 
the NHs gas is condensed again to the liquid state. In all ammonia 
systems except in the smallest units water cooling is used in the con- 
denser. It is thus in the condenser that the hert absorbed by NH, 
in the evaporator is extracted, and dissipated to the cooling water. The 
condensed cool liquid under Pressure in the condenser then passes 
again to the evaporator, the cycle being continuously repeated. 


The refrigerating system.—In constrast to the compression 
system otherwise also called the mechanical system, which raises the 
refrigerent pressure between evaporator and condenser by mechanical 
means, in the absorption system the same effect is produced by 
application of heat by means of an electrical heating element or other 
conventional heating agent. There is an additional element in the 
ammonia plant, namely the absorber. The ammonia gas is first 
absorbed. in solution in water in the absorber and is then released 
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from athe water by application of heat in the boiler and is reliquefied 
by oooling in the condenser. Through an expansion valve or a 
capillary tubing liquid passes from the high pressure side to the low 
Pressure evaporator where it is evaporated at a low partial pressure. To 
Provide the low partial pressure of ammonia in the evaporator and to 
control also the rate of vaporization of liquid ammonia it is mixed 
with hydrogen gas which enters continuously from the absorber to the 
evaporator. „The function of the absorber is to segregate the hydrogen 
and ammonia passing to it from the evaporator and returning the 
hydrogen to the evaporator but ammonia to solution. 

Depending upon the requirement, artificial ice is produced in either 
of the two forms (1) Can Ice, and (2) Plate Ice. In the can system 
the water is placed in galvanized iron cans or moulds immersed in a 
brine tank kept cool by ammonia expansion coils known as the eva- 
porator. In the plate system cold brine or ammonia is circulated 
through hollow pans kept immersed in water. In 8 to 14 days ice 
cakes 12 to 14 in. thick form on both sides of pan or plate. The cause 
of the ice being cloudy or milky is the presence of air. In the 
ean system air and other impurities have a tendency to collect in a 
cora in the centre of the can. Ice-making from distilled water is free 
from this trouble but is seldom used commercially on account of high 
cost. The present tendency is to use raw water and to against it 
for eliminating the air and impurities by special types of agitating 
devices. The cause of a white core in the ice cake is due to carbonate 
of lime and magnesia in the water. 

The brine temperature should be maintained at 10 to 20°F, 
and the pressure in the ammonia coils at 20 to 28 lbs./in.? which 
corresponds to a temperature of 5 to 15°F. in the coils. 

For harvesting can ice, the cans are drawn out of the brine tank 
anc sprayed with or dipped into warm water which detaches the ice 
and when the can is inclined on a side, the core slides out. For the 
harvesting of plate ice, in one method solid rods are used and they are 
cut out when cutting up the ice, in others chains are slipped around 
the cake when it floats up in the tank. In the case of block ice one 
special method consists in using hollow lifting rods and thawing them 
out with steam. 

Steam cutters, power saws and hand plows are ordinarily used for 
the cutting of plates into cakes. In the block system where the ico 
is cut off the plate in the tank, the cakes are removed by a light crane 
and hoist, and divided into the required sizes with an axe or bar. 

Ice is stored in a storehouse where the insulation is the most 
important factor. Strips of lath, sawdust, hay, straw, rice chaff are 
ordinarily used for packing the cakes. The space required per ton of ice 
is about 50 cu. ft. The storage warehouses are usually built with a 
eooled ante-room. The necessary amount of ice is kept in the ante-room, 
thus obviating the necessity of every time opening the main room door 


of the warehouse, 
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'TRIGONOMETRICAL RATIOS 


1. Trigonometrical Ratios :—Let ABC be an acute angle repre- 
sented by O (Fig. 1). From any point D in AB drop a perpendicular 
DE on BC. It can be shown geometrically that whatever the point D 
perpendicular 


TERNE REET is constant 


be taken on AB, the ratio, DE/BD, i.e. 
and bears a fixed relation to the magnitude 
of the angle O. This ratio is called tho 
sine of 0. Similarly, the ratio BE/BD is 
also constant and is called the cosine of 9. 
So, we have the following trigonometrical 


ratios. 
Fig. 1 
DE _ perpendicular ata 
BD ~ hypotenuse ` sine 6 and is written, sin 6; 
BE s 
peer E R PEE A e N Tritton (cos aie 


BD hypotenuse 


DE icul - 
BE ~ Perpendicular = tangent 6 and is written tan 9 ; 


_DBIBD_sin 0 
BE/BD cos 0 


2. Values of Trigonometrical 
Ratios :—Tho values of these 
ratios can be geometrically deduced 
for angles of 0°, 30°, 45°, 60°, and 
90° which are given below [vide 
Fig. 2 (a and b).] 

The important values are tabula- 
ted below : 


Angle | Sin 
o o 
30° 1/2 
45° 1 | 
60° 3/2 
E hea 
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3% From the above table it should be noted that, 
sin 0°=cos 90°=0 ; sin 90°=¢os 0°=1; 
sin 30°=cos 60°= 1/2 ; sin 60°= cos 30°= 3/2 ; 
sin 45°=cos 45°=1/ /2. 
4. Tho inverse of sine, cosine and tangent are cosecant, secant 


and cotangent respectively. This is, cosec 9=- l ; sec 0= a 
sin ø cos 0 


tan o` 
3. It*follows geometrically from art. 1 that, 
sin*9@+cos*9=1; 
sec*9=1+tan*9 ; 
cosec? 9 =1+ cot". 
6. Signs of Trigonemetrical Ratios :— According to the con- 
ventions followed : 
(i) for all angles in the first quadrant, the signs of all ratios aro 
positive ; 
(ii) for all angles in the second quadrant, only the sign of sine 
is positive and the sigas of other ratios negative ; 
(iii) for all angles in the third quadrant, only the sign of tan is 
Positive and the sigas of other ratios negative ; 
(iv) for all angles in the fourth quadrant, only the sign of cos is 
positive and the signs of other ratios negative ; 
7. sin (A+B)=sin A cos B+ cos A sin B. 
sin (A—B) =sin A cos B—cos A sin B. 
cos (A+B)=cos A cos B—sin A sin B. 
cos (A— B)=cos A cos B+sin A sin B. 


8. Solution of Triangle :— 
fi) When two sides and the angle included between them are 


given, the third side and the other angles can be calculated from the 
Cosine Law. 

Law of Cosines :—The square of any side of a triang'e is equal 
to the sum of the squares of the other two sides minus twice their 
product into the cosine of the included angle. As A 
for example, if’ A, B, C represent the three angles 
of a triangle and a, b, c, the sides correspond- 
ingly opposite to them (Fig. 3), 

oe? =a" +b? —2ab cos C 

C b 


APPENDIX (D) 
GRAPHS 


Graph :— A graph is a representation, by means of a curve, of 
the relation between two variable quantities. 


Rectangular Axes of Co-ordinates. —Every point in a graph must 
be plotted with reference to two fixed straight lines XOX’ and YOY 
(Fig. 1) in the plane of the paper 
(vide Art. 27, Part I). These two 
straight lines are at right angles te 
each other, which divide the plane 
into four spaces XOY, YOX', X OY’, 
Y'OX. These Spaces are denoted by 
the first, second, third and fourth 
quadrants respectively. 


The position of any point P im 
the plane can be located by know- 
ing its perpendicular distances PN 
and PM from the two axes XOX’, 
YOY’. These distances (PN and 
PM) are called the co-ordinates of 
the point P, PN being known as the 
ordinate, and PM the abseissa of 
the point P. The lines of reference 
XOX’, YOY' are called the rec- 
tangular axes of co-ordinates, or simply the aes, the line XOX’ being 
known as the X-axis and YOY’ as the Y-axis. The point O is called 
the origin for which tho co-ordinates for both the axes are zero, and 
the point is denoted as (0,0). Thus the ordinate of a point lying on 
the X-axis is 0 and the abscissa of the point on the Y-axis is also 0. 


It should be noted that in the first quadrant, both the X and 
¥-co-ordinates are positive; in the second quadrant, X-co-ordinate, is 
negative but the Y-co-ordinate is positive; in the third quadrant, both 
the co-ordinates are negative; and in the fourth quadrant, X-co-ordi- 
nate is positive, but the Y-co-ordinate is negative, As a general rule 
it may be expressed thus: Ordinates above the X-axis are taken as 
Positive, and ordinates below the X-axis are taken as negative. 
Similarly, abscissw to right of Y-axis are taken as positive, and abscissa: 
to the left of Y-axis are taken as negative. 


(Thus, the position of a point A (-4, 3) will be in the second 
and that of a point B(-—3, — 4) will be in the third quadrant. 


Choice of Axes.—In all physical problems there are two yaria- 
bles, of which one is the independent and the other the dependent 
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variable. For instance, in the case of a simple pendulum, we know 
that tîme ¢ for one complete oscillation depends upon 1, the length of 
the pendulum. Thus, here ¢ is the dependent and Z the independent 
variable, As a rule plot the independent variable along the X-axis 
and the dependent variable along the Y-axis. 


Choice of Units—To choose the unit for the ordinate or the 
abscissa, find the difference between the highest and the lowest values 
of it (given in the problem) and divide this by the number of yariable 
divisions of the graph paper along the same side. Thus get the appro- 
ximate value of each division and then choose the next best possible 
value. jnce in the graph paper the tenth or the fifth lines are 
generally drawn thicker, attempt should always be made to choose the 
units in such a manner that the larger divisions are multiples or sub- 
multiples of 5. If each division represents values, which are divisible 
by 10, such as, 10, 100, 1000, or ‘1, ‘01, ‘001, the plotting of points 
will be easier. Beginning from the origin write down the values along 
the X-axis and the Y-axis every 5 or 10 divisions apart. 


Rule.—In drawing a graph for given physical experimental data, 
the following rules may generally be observed :— 


(1) Obtain data for at least 6 points in the graph and tabulate 
the values for the X-axis (independent. variable) and the Y-axis 
(dependent variable). 


(2) If there are both positive and negative signs in the given 
data, then the origin, i. e. the point of intersection of the two axis, 
should be in the middle of the graph paper, but, if the signs are all 
positive, the origin can be shifted to the extreme lowest position on 
the left of the paper in order to have a graph of larger size. 


(3) Choose the units explained before, and plot the points marking 
their positions in the diagram by X or O sign. 

Different suitable scales may be choosen for the two axes, but 
in some cases, as when area is to be calculated from the graph equal 
scales will be convenient. 


(4) The point of intersection of the two axes need not always be 
the zero of each axis. 

(5) From the positions of the points, judge the nature of the 
graph and draw a smooth curve by joining the plotted points. 

(6) The curye should pass through all the points, but if it does 
not, keep the nature of the graph intact, it may be made to pass 
through as many points as possible. The point (or points) which does 
not lie on the curve is probably in error in the corresponding 
observation. 


(7) The units should be so chosen that the cwrve may cover as 
much of the graph paper as possible. 


656 INTERMEDIATE PHYSICS 


1. The following readings were obtained with a simple pendulum :— 


Lengths in cms. | 20 80 


Time of 
oscillation in 
seconds. 


Represent by a graph the relation between the length and time and find from 


i i scillati a simple pendulum of length 50 cms. 
your graph the time of oscillation of ple pi gi IEN 


Here we find that the time of oscillation depends upon the length of the 
pendulum so time is the dependent 


variable and should be plotted along 
the Y-axis, and the length, which is 


Hs the independent variable, should be 
bos plotted along the X-axis. 
The difference between the 
Pe highest value (1'14) and the lowest 
es value (0'45) of time is 069 and the 
SHIT number of available divisions on the 
ae Feet graph paper is 40. Therefore the 
es essetassass approximate value of each division 
on the X-axis should be at least 
ses pre 
5 0°69 _ 90017. 
her) 9 Cy rT} ‘an 5 
Take each small division on the 
Length in em, X-axis to represent 00020, which 
Fig. 2 is the next best possible value. 


Take one small division to re- 
present 4 cms. on the X-axis. 
Since the length begins from 20, 
and the time from 045, it is neces- 
sary to start from the origin as (20, 0'45). 


Write down the values of the ordinates every 5 divisions apart and being 0:45 
as the zero value of the ordinates, and similarly take 20 cms. at the zero value 
of the abscissæ. 


Now plot the points and draw the graph (vide Fig. 2). 


To get the time of oscillation of the pendulum of length 50 cms., draw a 
straight (dotted) line through the point marked 50 cms. on the X-axis parallel 
to the Y-axis cutting the curve at a point, the ordinate of which has the value 
071, which is the required time, 


2. From the following data plot a curve showing the variation in the volume 
of a mass of water with the temperature, Find graphically the two temperatures, 
at which the volume of 1 c.c. of water at 0°C. becomes 0°99990c.c. (C. U. 1909). 


—e 
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« 
Temp. Volume Temp. Volume 
d 1000000 7 0°999952 
1 0'999948 8 1*000003 
2 0'999911 9 1000068 
8 0999889 10 1000147 
4 0°999883 il 1°000237 
5 0999891 12 1000344 
6 0999914 13 1000462 


Here we find that on changing the temperature the volume is changed. So 
temperature is the independent 
variable and should be plotted 
along the X-axis, and volume, 
which itethe dependent variable, 
should be plotted along the Y-axis. 


The difference between the 
highest value (15000462) and the 
lowest value (0999883) of volume 
is 0000579. The number of avail- 
able divisions, on the Y-axis is 40. 
Therefore, the approximate valua 
of each division of Y-axis should 


Volume in c.c. 


be at Teast 900579 L 0'0000144, 


Take each small division to 
represent 0000020, which is the 
next best possible value. Take 25 
small divisions to represent 1°C. on 
the X-axis. 


Temperatnre in Centigrade 
Fig. 8 


Write down the values of the ordinate every 5 divisions apart taking 0:999800 
as the zero reading, and also write the values of temperatures on the X-axis. 

Plot the points and draw the graph (Fig. 8). To get the value of the 
temperature corresponding to 0:99990 c.c., draw a straight line through the 
point (0°99990) parallel to the X-axis cutting the curve at two points the abscissa 
of the first point being 2'41 and that of the second point being 5'8 nearly. 

Therefore the required temperatures are2'41° and 58°, Here the unknown 
result is determined by what is known as interpolation. 

3. The battery resistance ‘b’ ohms for a current ‘c’ ampere was found in 
a certain test as follows :— 


——— 
— ŘaŘaaaŘaaaaaaaaaIaasaaasasauasaassssasss 


b 4'2 4'8 5'0 5'8 T6 8'5 11°0 
c 0'21 0'16 0'14 0'14 0'066 | 0'06 0'04 


Illustrate the results graphically. Are they consistent with Ohm’s law ? 
(Pat. 1920) 


Plot ‘b’ along the X-axis and ‘c’ along the Y-axis (Fig. 4). 
Units —1 small division on the X-axis represents 2 ohms. 
1 small division on the Y-axis represents 0'005 amp. 
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a 
h and the correspond- 
ing to Ohm’s law the product of current strengt! 
ing Eae Soala be constant, which is not the case here. Hepce the 
results are not consistent with Ohm's law. 


4, A copper rod is found to be 5:009, 5:0018, 5:0027 metres long at tem 
peratures 10°C., 20°C., 30C., respectively. Find by means of a graph its length 
at 0°C. (C. U. 1913 


Units—Each small division on the X-axis represents 1°C. and on the 
Y-axis 000009 metre. 


D 
320 $0027 H 
H 
o $ 
z g 
Ei ous B eoe H 4 
4 : 
i R-i 
2 o g Poo H £ 
3 E HHHH 
3 3 
is} 
0-05) Wo 8-900 F x? 
HH 
“6 60 7 © © © @ we ae 73 
Resistance in Ohms Temperature in degrees Centigrade 
Fig. 4 Fig. 5 


Here some space is left below the point 50009 on the Y-axis in order to 
allow the curve (Fig. 5) to cut the Y-axis below this point, if necessary. 


The graph obtained is a straight line which being produced meets the Y-axis 
at a point the value of which is 5 metres from the graph. Thus the required 


length at 0°C. is 5 metres. 

This method of determining the unknown 
p i: result by producing the curve is known as 
H H extrapolation. 


5. Draw a curve on the squared paper 
ao 4 supplied to indicate the height above ground, 
at intervals of half a second of a body falling 
freely from rest at a height of 150 ft. 

6o! H Find from your graph the position of a 
particle after 1°76 seconds. (C. U. 1912) 
i The space traversed by a body falling 
Cee from rest=4gt2, and hence the height above 
the ground at any time=(150—Jgt2) ft. 


Ht. in ft, above ground 
= 


g € x fallen through, and so the height above the 
ground at intervals of half a second, is 
calculated and the following table iş 
Fig. 6 prepared : 


Time in sec, 


Taking g=32 ft. per sec?., the distance 
» 
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° 
Time in seconds 


= = Sna 
Height fallen, in feet 0 4 16 | 86 64 100 144 
Height above ground in feet | 150 | 146 “18 | 114 | s | 60 | 6 


| l | 
——— 
Units.—1 small division on the X-axis represents 0°1 sec. 
1 small division on the Y-axis represents 4 ft. 
The position of the body at the end of 1'76 sec., obtained from the graph 
(Pig. 6), isnearly 103 ft. above the ground. 
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(1) UNITS 
Quantity F.P.S. Unit | C.G.8, Unit 
—_—_. — Semis S jae 

Length foot | centimetre 
"Mass | pound gram 

Force poundal | dyne 

Work foot-poundal | erg 

Pow horse-power | ergs per second 


A force equal to the weight of 1 pound=32'2 poundals. A force equal to 
the weight of 1 gram =981 dynes. 


(2) METRIC EQUIVALENTS 
LENGTH 
1 inch =2°54 oms, 


1om. =0'3937 inch =0'032 ft. 


1 metre =89'87 inches 
=8'28 feet 1 foot=0'3048 metre 


=1'09 yards 1 yard =0'914 metre 
1 kilometre =39370'799 in. = 3290'899 ft, = 1093'633 yd, =0'621 mile. 
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AREA 9 
1 sq. inch=645° sq. cms. a L sq. cm =0:155 sq. in, 
1 sq. foo ‘093 sq. metre By 1 sq. metre 10:764 sq. ft. 
1 sq. yard=0'836 sq. metre RA 1 sq. metre =1196 sq. yds. 
I sq. mile=2'590 sq. kilometres ... 1 sq. kilometre =0°386 sq. mile. 
, VOLUME 
1 cu. in.=16387 c.c. erage Tc: =0°061 cu. in 
1 cu. in.=0016 litre KS 1 litre 102 cu. ins. 
7 s i litre "76 pints. 
1 gallon=4'546 litres t litre =0:22 gallop. 


1 gallon=0'1604 cu. ft. =10 pounds of water at 62°F, 


MASS 


l grain (gr.)=0°065 gram (gm.) 1 gram=15°452 grains. 

1 ounce (0z.)=28°35 grams. 1 milligram=0°015 grain. 

1 pound (Ib.)=16 oz. (7000 grains) =458'6 gram, (1. gram, =0°0022 1b.) 

1 pound =0°453 kilogram I kilogram=2'205 pounds=0°0009 ton. 


FORCE 
1 gram-weight=981 dynes. 
1 pound-weight=8'45 x 105 dynes=$2'2 poundals. 
1 poundal=1 Ib.-wt+g=13,825 dynes. 


(3) MENSURATION 


w=3'14159 ; 3? = 9°87 log m =0°4972 ; log m’ =0°9943 
Radius of circle=r ; Circumference of circle=2rr. 
N2=1°4142 ; J/3=1'7821. 
e=2°7183 loge 10=2°3026. 

AREA 


Square (side )=/22 

Rectangle (breadth b)=lxb 

Parallelogram = base x perpendicular height 

Triangle=4 base xaltitude 

Circle= zr? 

Surface of cube (side )=62 

Surface of sphere (radius 7)= 4777 

Curved surface of cylinder (radius r, height h)=2 ,7h 


VOLUME 
Onbe =? 
Cylinder =area of base X perpendicular height 
Cone =} (erea of base x perpendicular height) 
_ Prism =} area of base x perpendicular height 


Sphere =$rr*=$ circumscribing cylinder è 
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(4) USEFUL DATA 


The weight of 1 cu. ft. of water=62°5 Ibs. (approximately). 
The weight of 1 cu. ft. of air at 0°C. and at 1 atmosphere=0:0807 pound, 
The weight of 1 cu. ft. of hydrogen at 0°C. and at 1 atmosphere 

=0:0056 pound. 


1 foot-pound=1°356 x 


107 ergs. 


1 horse-power hour=33,000x60 foot-poundals. 
l standard atmosphere=760 millimetres or $0 inches of mercury ; 
=1033 grams-wt. per sq. cm.=(1033981)=1:013x106 dynes per sq. cm. 


=147 pounds-wt per sq. inch=2116 pounds-wt. per sq 
barometer=760 x 13:596 mm. =2992 x 13:596 


. foot. 
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x 


A column of water of height 23 feet corresponds to a pressure of 1 Ib. per 


CONVERSION TABLE 


To reduce 


Height of standard water 
inches. 
sq. inch. 
(5) 
| | 
To reduce Multiply by 
Tnch to centimetre 2'54 
Sq. in. to sq. cm. 6'45 
Cu. in. to cu. em, 16°39 
Grams to grains 15'4 
Pounds to grams 453'6 
Ounces to grams 28°35 
- Grains to grams 0'065 
Gallons of water to Ibs. 10 
Cu. ft. to gallons 6°24 
Ou. ft. to litres 283 
Ibs. of water to litres 0'454 


Cu. ft. of water to lbs. 
Miles per hr. to ft. per min. 


Ibs. per sq. in. to atmospheres 
Grams per sq. cm. to Ibs. 

per sq. in, 
Atmospheres to lbs. per sq. in. 


H.P. to watts. 
H.P. to ft. lbs. per min. 


_. 


Multiply by 


62°65 
88 


0°07 
0'014 
14°7 


746 
33000 


i 


(6) 


Aluminium 
Antimony 
Bismuth 
Copper 
Gold 
Iron (cast) 

» (wrought) 
(steel) 


Brass . 


(IN GRAMS PER C,C,) 


METALS 


Lead ae 
Nickel By 
Platinum te 
Quartz Ni 
Silver aes 
Tin Mn 
Zinc ane 


ALLOYS 
84—87 Bronze ve 


DENSITY OR MASS PER UNIT VOLUME 


87 
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DENSITY OF LIQUIDS ° 

(GRAMS PER C,C,) 
Alcohol Sy or 079 Olive oil 0-91—0°93 
Aniline ye ets 102 Paraffin oe 0°70—0'82 
Benzene os Hy 089 Petrol see 068—078 
Ether oH are 072 Petroleum = E 0:878 
Glycerine _ tie ay 1'26 Spirit (methylated) 083 
Kerosene we 08 Turpentine + fiz 0:87 
Mercury (0°C.) 13:596 Water (4°C.) (ordinary) 1:00 
Milk eee 103 | » (28°C) we 0-99708 
Oil Linseed it tr 0°94 Water (sea)... pr 1026 
> 
DENSITY OF COMMON SUBSTANCES 
(GRAMS PER C.C.) 
Chalk ies . 19—28 Paraffin 09 
Cork E s. 022—025 Porcelain 23 
Glass (Crown) « 24—26 Quartz 26 
Glass (flint) +» 29-46 Salt (common) 29 
Guttapercha A = 097 Sand 26 
Ice w i 092 Slate 23 
e ea 09—13 Sugar A r6 
18 Wood (teak) 07—08 

Marble 27 Wax (Bees’) 0:9 

(7) ELASTICITY 

[YOUNG’S MODULUS] 
Aluminium 7x10! dynes/cm.2 Mangani: p l1 dy: 2 
Constantan 162 x 1011 5 3 Silver E ate eames em 
Copper . 123x100 R Steel 20°9 x 1014 

(8) MELTING POINT 
Bees’ wax. 63°C. Tin 232° 
White wax Fp 68°C. Tungsten ti 340°C. 
Butter i 28°—33°C. Paraffin 45°—56°C. 
Ice sm 0°C. Platinum 178°C. 
Copper hs 1083°C. Sugar 160°C 
Iron w 1527°C. Sulphur 115°C. 
Manas oe 327°C. Wax (Bees’) ne 61°—64°C. 
Naphthalene rae Was ee LN, a 68°C. 
(9) BOILING POINT 
Alcohol s, i 
Aniline eee aein 290°C. 
Chloroform 61°C. T Y. 857°C. 
Ether TEA urpentine 158°C. 
C. Water 100°G. 


m 
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(10) COEFFICIENT OF EXPANSION 


(PER °C.) 
Coefficients of Linear Expansion of Solids 
Aluminium SAF s.. 0000022 Iron 00000114 
Brass iss .» 07000019 Lead 0:000029 
Copper i) .. 0000017 Platinum 0000009 
German silver ... +» 0000018 Silver ag 0000019 
Glass tea ... 0°0000083 Tin sa s 00000214 
« Coefficients of Cubical Expansion of Liquids 
Alcohol (ethyl)... „. 000122 Olive oil 7 a 00007 
Aniline cee ... 000085 Sulphuric Acid ee ve 0°0095 
Glycerine 000053 Turpentine a «+» 000094 
Mercury ny .. 000018 Water (10°—30°) ... s. 0000203 


Coefficient of Cubical Expansion of Gases 


The coefficient of increase of volume of all gases at constant pressure and 
the coefficient of increase of pressure of all gases at constant volume may be 
taken to be= 3y =0'00367 per °C. 


(11) SPECIFIC HEAT 


Solids 
Aluminium yr we Fl -Lead oE, sea 0°08: 
Bismuth x „e 003 Marble EA A A 
Brass an .. 009 Nickel a sn OA 
Charcoal $i .. 019 Paraffin A a 064 
Copper ie ... 0°095 Salt (common) vet van (0:20 
Ice (0°G.) 050 Sand ih we O19 
India Rubber 048 Silver ag ve 0056 
Iron .. 011 Sulphur FE Sea IGS 
Glass LS 016—019 Tin + ave sa 0055 
Gold at a 0°03 Zinc te vee 0088: 

Liquids 
Alcohol A .. 062 Mustard oil A; ae 050 
Aniline ats .. 050 Paraffin oil ie a. 0:58 
Glycerine wer .. 058 Turpentine ite ove 043 
Mercury Fe «0033 Water oe s 100 

Gases 

(At constant pressure) 
Air an .. 0237 Oxygen ae = = 0'217 
Hydrogen = „e 041 Steam of sa 0465 
(12) LATENT HEAT OF FUSION (Calories per gram.) 

Bismuth e .. 126 Mercury 45 So ees 
Ice oes „e 800 Silver A =, #80 


Lead h 7 v.54 Sulphur id Aes AA 
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(13) SATURATION VAPOUR PRESSURE OF WATER 
(In Milimetres of Mercury) 


Š | 
Temperature Pressure Temperature | Pressure 
(Centigrade) (mm.) | (Centigrade) | (mm.) 
E rast A 
-10° rı | 40 | 55°19 
| | % 
0 4°67). =| 50 | 92'30 
2 5°29 | 60 | 1492 
f 
5 6°54 70 933'5 
8 8°04 80 855° 
10 9°20 | 90 525°8 
12 10°51 | 95 634'35 
| 760°0 
15 12°78 100 | 
| =1 atmos. 
18 15°46 | 
| (8569°0 
| 150 ji 
=4'7 atmos. 
20 17'51 | 
25 23°69 | 
| 11647 
| | 200 
30 | 81°71 | =15'4 atmos. 


(14) THERMAL CONDUCTIVITIES (In C.G.S. Units) 


Air ` aa «+ 000005 ` Iron .., S 016 to 018 
Aluminium oe «048 Lead a «07080 
Brass us von 10:26, Mercury be - a, 00148 
Copper oe eae OP Silver 5 Ez a. 098 

Glass ii + 00005 Water (0°C.) ee a» 00012 
India-rubber Sek w. 00004 ire (8050) aie eo. 0001 


~ 


® 


PHYSICAL TABLES 


(15) VELOCITIES OF SOUND AT 0°C. 


Substances Feet per sec. Metres per sec. 
| 
Gases | 
Air 1090 332 
Carbon dioxide | 856 262 
Coal gas 1609 493 
Hydrogen 4163 1270 
Oxygen 1041 817 
Liquids 
Water 4714 1437 
i 
Solids 
Brass 11,480 8500 
Glass 16,410 9 5000 
Iron 16,820 5130 
Marble 12,500 8810 


a a 
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ABSOLUTE, expansion of a liquid, 
348 ; scale of temp., 379 ; units, 
5; unit of force, 75 ; zero, 379 
Acceleration, 42, 72 ; due to gravity, 


Acoustics, 527; 
Adhesion, 181 
Adiabatic changes, 889 
Aero-dynamics, 626; -nautics, 626 ; 
-plane, 58, 633; Aileron, 645 


physiological, 623 


Air-conditioning, 497; -gun, 298 ; 
“pump, 292; -resistance, 628 ; 
-screw, 641 


Alcoholmeter, 252 

Altimeter, 278 

Amplitude, 111, 536 

Angle of, attack, 634; repose, 150; 


shear, 187 
Angular velocity, 43 
Angstrom, 7 ` 


Antinode, 575, 576 

Appleton, Layer, 262 
Archimedes, 243 ; -principle, 227 
Artesian well, 214 

Aspect ratio, 634 

A-thermanous, 486 


Atmosphere, homogenous, 274; 
Temperature of, 273 
Atmospheric pressure, 263, 271: 


variations in the, 273 
Attraction, gravitational, 95 
Atwood’s Machine, 103 
Automatic, Flushes, 307; brake, 298 


BACK-LASH error, 23, 160 

Balance, common, 164; false, 171; 
hydrostatic, 227, 247 ; requisites 
of, 168 ; resting point of, 169 ; 
spring, 173 

Balancing columns, 253 

Balloon and air-ship, 277 

Banking, of tracks, 86 

Barograph, 269 4 

Barometer, Fortin’s, 267; cistern, 
267 ; siphon, 268; aneroid, 269 ; 
faulty, 282 

Barometer reading, 269 ; corrections 
of, 362 

Baroscope, 230 

Beats, 571 

Bernouilli’s Theorem, 631 

Bicycle pump, 296 

Black's Ice-calorimeter, 413 

Black, Joseph, 422 


Boiling Point, 434 ; determination of 
height by, 456 

Bomb Calorimeter, 404 

Borda Platinum standard, 5 

Bourdon Gauge, 285 

Boyle’s Law, 278 ; explanation from 
the kinetic theory, 387 

Boyle, Robert, 286 

Bramah’s Press, 221 

Brownian Motion, 387 

Bulk Modulus, 189 

Bunsen’s Ice-calorimeter, 413 

Buoyancy, 229; correction, 230; of 
water, 227; law of, 229 

Burette, 31 


Callendar and Moss's Method, 355 

Callipers, simple, 14; slide, 21 

Calorie, 395 

Calorific value of fuels, 403 

Calorimetry, 894 

Camber, 634; cambered surface, 633 

Capillarity, 205 

Cartesian diver, 236 

Cavendish, Henry, 123 

Cavendish’s method, 98 

Ceiling, 647 

Celsius, Anders, 318 

Centigrade scale, $18 

Centre, of gravity, 99 ; of mass, 61 ; 
of pressure, 635 

Centrifugal, and centripetal forces, 
83 ; drier, 87 ; pump, 305 

C.G.S. system, 4; advantages of, 9 

Chain, Gunter, 12 

Change of state, 426 

Charles’ Law, 868 

Chord, 634 

Climbing, 646 

Clinical thermometer, 324 

Clouds, 471 

Coefficient, of expansion of gases, 
370; of liquids, 345; of real 
expansion of mercury. 355; of 
solids, 330 

Cohesion, 181 

Common pump, 300 

Comparator method, 333 

Comparison of heat and light, 490 

Compass, beam, 13 

Compensated balance wheel, 340; 
pendulum, 338 

Compressibility, 183 

Compromises, 639 
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Conduction of heat, 475 S 

Conductor, 477 

Cone of friction, 148 

Conservation of energy, 132 

Consonance, 588 * 

Convection, 475, 483 

Co-ordinate, rectangular, 37 

Couple, 65 

Crank; 514 

Cream separator, 87 

Critical, Pressure, 449 ; temperature, 
449 

Cryophorus, Wallaston’s 436 


Dalton’s Law, 446 
. Davy’s Safety Lamp, 476 
Day, sidereal, 9 è 
Density, 183, 245; and cubical 
expansion, 846; by floatation, 
238 ; of ice, 238 ; of moist air, 
469 ; relative, 246 
Derived units, 4 
Descartes, Rene, 67 
Dew, 472 ; -point, 460 
Dia-thermanous, 486 
Diffusion, 195, 386 
Diffusivity, 479 
Dihedral angle, 644 
Dilatometer, $49; 
volume, $53 
Dimensions, 9 
Displacement, 40 
Diving-Bell, 307 
Divisibility, 182 
Doppler effect, 590 
Dryness and dampness, 462 
Ductility, 194 
Dulong and Petit’s Method 854 
Dyne, 75; and poundal, 75 


358 ; constant 


Ear, 623 

Earth, mass of, 99 

Ebullition, 484; laws of, 454 

Echo, 561; depth sounding, 563 

Efficiency, 521, 522, 642 

Elasticity, 183 modulus of, 189 
constants, 189 

Elastic limit, 184 

Energy, 2, 126 : kinetic and poten- 
tial, 180-31; mechanical, 129; 
radiant, 488 ; transformation of, 
131 

Engine, Aero-, 520; steam, 514 ; con- 
densing, 517 ; internal, cumbus- 
tion, 517; petrol, 519 ; gas, oil, 
520 

Equation of motion, 44; of state, 
383 

Equilibrant, 50 


Equilibrium, 48 ; states of, 101; of 
a floating body, 232 

Erg, 127 

Error, instrumental or zero, 22; 
backlash, 23 

Ether waves, 486, wavelength, 487 

Evaporation, 434 

Expansion, co-efficient of, 330, 355 ; 
apparent and real, 344 


i 


Facror of safety, 185 

Fahrenheit, 818 ; scale, 318-19 

Fathometer, 563 a 

Filter pump, 294 

Fire, alarms, 338; engines, 302 

Flatening of earth, 88 

Fletcher's Trolley, 73 

Floatation, stability of, 232 

Floating Dock, 236 

Flying of, a kite, 57; an aeroplane, 
58 


Fly-wheel, 514 

Fog, 472 

Football Inflator, 297 

Force, 48; measurement of, 72, 
pump, 301 ; units of, 75 

Forced, and free vibrations, 567 

Forces, 48; composition of, 48 ; 
equilibrium of, 48; parallel, 
64 ; parallelogram of, 49; phy- 
sical independence of, 78 ; poly- 
gon of, 53; resolution of, 53 ; 
triangle of, 51 

Forecasting of weather, 275 

F.P.S. system, 4 

Freezing Mixtures, 432 

Frequency, 112, 536 

Friction, 143; coefficient of; 147; 
fluid, 145; Kinetic, © 150-51 ; 
limiting, 147; laws of, 147; 
aging, 150, static, 144 ; rolling, 


Frigidaire Type, 437 

Fundamental, tone, 599; units, 4; 
interval, 819 

Fusion, 408, 426; latent heat of, 
408 ; laws of, 433 


G. DETERMINATION Of, 93, 103; the 
value of, 116; variation of g, 
96, 97 

Galileo, Galilei, 120 

Gas, coefficient of expansion of, 370 ; 
equation, 383 ; pressure coeffi- 

- cient of, 375; volume coeffi- 

cient of, 368; thermometers, 
377 ; constant, 383 

Gas and vapour, 449 

Gauges, external and internal, 15 ; 
limit, 15 ; screw, 23 


i 


i 
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Gaues’s Method, 170 

Glass, Quartz, 494; vita, 494 

Glaisher’s formula, 467 R 

Governor, Watts 88 

Gram, 75 the weight of a, 76 

Gramophone, 621 

Gravitation, 92 

Gravitational unit, of force, 76; off 
work, 127 

Gravity, 92; centre of, 99 - 

Green-House, 494 

Grid-iron Pendulum, 339 

Guericke, Otto yon, 309 

Gyratiqn, radius of, 64 


Hain, 471 

Hanging Picture, 52 

Hardness, 195 

Hare's apparatus, 253 

Harmonics, 599 ; of closed pipe, 607 ; 
of open pipe, ‘603 ; of stretched 
strings, 599 

Helmholtz, 578; resonators, 569 

Hoar-frost, 472 s; 

Hooke’s Law, 174, 187 

Hooke, Robert, 207 

Hope, Thomas Charles, 364 

Hope's Expt. 359 E: 

Horse-power, 128 

Hot springs, 214 

Huygens, Christian, 122 

Hydraulic Press, 221 

Hydrométer, common, 251 ; prin- 

"ciple of, 241; Nicholson's, 249 

Hydrophone, 554 

Hydrostatic, balance, 227, 
bellows, 224; paradox, 
pressure, 209 

Hydrostatics, 209 

Hygrometer, chemical, 463; Dani- 

ell’s, 464; Hair, 468; Regna- 

ult’s, 464; wet and dry bulb, 
465 ` 

Hypsometer, 315 

Hypsometry, 456 


241.5 
218; 


ICE-CALORIMETER, 412; Black’s 413; 
Bunsen’s, 413 

Ice-machine, 437 

Immersed and Floating bodies, 232 

Impenetrability, 181 

Impulse, 74 

Inertia, law of, 70; moment of, 63 

Inclined Plane method, 107 

Inflator, Football, 297 

Infra-red, 487 

Ingen Hausz's expt., 479 

Intensitye of sound, 581 

Interference, of sound, 570 


Intermolecular forces, 179 
Intermolecular space, 179 


Invefse square law, gravitat.onal, 
92; for heat, 490; for sound, 
582 


Ionosphere, 263 

Isothermal and adiabatic, 388 

Isothermal change, ‘388 ; curve, 281, 
589 - WE; 


J, THE vaLue or, 504; the deter- 
mination of, 504 
Joly’s ,method, 373; 
calorimeter, 418 
Joule, 127, 522 3 experiment of, 504 
Jurin’s Law, 207 


-differential 


Kepler, Johann, 120 

Kilogram, International Prototype, 7 
Kinetic, energy, 182 ; theory of, 385 
Kite, the flying of, 57 

Kundt’s dust-tube expt., 615 


LACTOMETER, 252 

Lami’s theorem, 52 

Land and sea-breeze, 485 

Langmuir’s Condensation Pump, 
304 

Laplace's correction, 548 

Latent heat, 408 

Lavoisier sand Laplace's 
831 

Law of stress, 79; of reaction, 79 

Lawn-roller, 56 

Laws of, falling bodies, 106; gravi- 
tation, 92; motion, 70; pendu- 


Method, 


lum, 112; stretched strings, 
599 
Levers, 156-58 


Life-belt, 236 

Lift and drag, 636 
Lift-pump, 301 
Load-extension graph, 184 
Longitudinal waves, 533 
Loudness, 581 


Malleability, 194 
Manometer, 283 
Manometric flame, 609 
Mass and weight, 174 


Matter, 2; constitution of, 1783 
general properties of, 181 ; three 
states of, 179 

Maximum density of water, 359 

Mayer's Method, 508 


INTERMEDIATE PHYSICS A 


Mechanical, advantage, 151, 152; 

equivalent of heat, 502 

anics, 36 

elting point, 426 ; of alloys, 430 

Mercury pendulum, $40 

Meta-centre, 233 

Metal, Wood’s 430; Rose’s, 430 

Method of oscillation, Weighing by, 
16 

resco, ellen Prototype, 5 

Metric. system, 4; advantages of, 9 

Metronome, 35 

Micron, 7 

Mil, 6 

Millibar, 271 

Mist, 472 

M.K.S. unit, 9 

Moment, of a force, 6l ; of inertia, 
63; of mass, 61; physical 
meaning of, 62; positive and 
negative, 63; principle of, 63 

Momentum, 71 : angular, 64; Con- 
servation of, 82; units of, 72 

Motion, Brownian, 387 ; circular, 
43 ; perpetual, 136 ; of connec. 
ted system, 102; with uniform 
acceleration, 44; stream-line, 
198 


Mousson’s apparatus, 43] 
Musical, instruments, 619 ; interval, 
588 ; scale, 587; sound, 581 


NEUTRAL equilibrium, 101 

Newton, Sir Isaac, 122 

Newton’s laws of motion, 70 ; law of 
cooling, 404 7 

Nodes, 575, 605 

Noise, 581 

N.T.P. meaning of, 38] 


Ocrave, 599 

Optimum angle, 638 

Organ pipe, closed, 604 ; open, 605 
Oscillation, 112 

Osmosis, 200 

Otto cycle, 518 

Otto von Guericke, 265 

Overtone, 599 

Ozone layer, 262 


Papin’s digester, 453 

Parachute, 277 

Parallelogram, law of, forces, 49, 
velocities, 59 

Pascal, Blaise, 225 

Pascal’s Law, 219 


Pendulum, 111 ; compensated, 338 ; 
compound, 111; concical, 88 ; 
laws of, 112; seconds, 111; 
simple, 111 

Pen-filler, 299 

Perfect gas, 281, 388 Sai 

Perfectly, elastic body, 184; rigid 
body, 184 

Personal equation, 546 

Phase, 112 

Phonograph, 621 

Pitch, angle, 642; of a note, 583: 
of a screw, 22 

Pitching, 643 ' r 

Planimeter, 29 

Plimsoll line, 235 

Pneumatics, 261 

Poisson’s ratio, 186 . 

Porosity, 182 

Potential energy, 180 

Pound, Imperial standard, 8; wt., 
of a, 76 K 

Poundal, 75 

Power, 128 ; units of, 128 

Pressure, atmospheric, 263; Coeff 
of-a gas, $70; ina liquid, 20 
normal (on the human body), 
274 ; transmission of, 219 

Prevost’s theory of exchanges, 496 

Progressive waves, 533 

Pulley, 153; «Block, 154: single 
fixed, 158 ; movable, 154; com. 
bination of, 154 

Pullinger’s apparatus, 832 

Pumps, air, 292; centrifugal, 305 ; 
compression, 295 ; Condensation, 
304; force, 30] 3, lift, - 301; 
rotary, 303; water, 299 


Quatity of a note, 583 


Rack and pinion, 164 

Radiant heat and light, 488 

Radiation, 475 ; Intensity of, 490 

Rain, 471; “gauge, 473 

Rankine scale, 380 

Reaumur, 318; scale, 319 

Reed pipe, 620 

Reflection of sound, 559 

Refrigeration, 436 

Refrigerant, 437 

Regelation, 430 

Regnault, Henry Victor, $63 

Regnault’s Method, 354, 371, 401, 
table, 442 

Relative, density, 246 ; humidity, 
461; velocity, 60 

Resistance, eddy, 631; skin, 631 


INDEX 


Resolution of forces, Ra of veloci- 
tiès, 60 
Resolved, part, 54 


Resonance, 568; of air column, 568. 


Resting point, 169 
Retardation, 43 

Rigidity, 194; modulus, 191 
Rolling, 643 

Rose’s metal, 430 

Rudder, 645 ` 

Rupert’s drops, 195 


SACCHAROMETER, 252 
Sailing of ą Boat, 56 
Sand glass, 33 * 
Saturated vapour, 441 
Savart’s toothed wheel, 584 
Scale, diagonal, 16 
Screw, 159; -gauge, 23; -jack, 161; 
micrometer, 22; pitch, of, 22 
Searle's Method, 193, 480, 506 
Second, mean solar, 8 
Shear, 187 
Side slip, 647 
Sidereal day, 9 
Simple harmonic motion, 113 
Siphon, 305% intermittent, 307 
Siren, Cagnaird de la Tour's, 585; 
Seebeck’s 584 
Six's thermometer, 325 
Sleet, 471 
Slide Callipers, 21 
„Snow, 471 
Soda-water machine, 298 
Sonometer, 596, 598 
Sound, ranging, 455 ; articulate, 562 ; 
= ` box, 569 
Span, 634 = 
Specific, gravity, 245 ; gravity bottle, 
249; heat, $96; of gases, 406 
Speed, 40; air. 629; governor, 88 ; 
` ground, 629 
Spherometer, 24 
Spirit level, 213 
Stable equilibrium, 101 t 
Stability, 643 ; of floatation, 232 
Stalling, 638 
Standards, 3 
` States of matter, 179 
Stationary waves, 574 ; in strings, 594 
Steelyard, Roman, 172 
Stop, clock, 35; watch, 34 
Stove, oil, 298 
Strain, 183 
Stratosphere, 262 
Streamlines, 628 
Stress, 184 
Strings, vibration of, 593 
Stroboscopic, wheel, 616 


ie TE 


Sublimation, 427 
Submarine, 237 

Sun-dial, 33 
Supercooling, 426 
Superficial expansion, 334 
Surface tension, 202 
Superfusion, 426 
Surfusion, 426 
Supersonics, 578 
Sympathetic vibration, 570 
Syringe, 299 

Swimming, 236 


Take orr and landing, 646 

Tantalus Cup, 307 

Tape, 13 

Temperature, 313, 314; absolute 
scale of, 879; correction, 255 ; 
scales of, 319; stresses, 330 

Tenacity, 194 

Theorem, Lami’s, 52 

Thermal capacity, 398 

Thermometers, clinical, $24; differ- 
ent forms of, $22; maximum 
and minimum, $23; Ruther- 
ford’s 323; Six’s, 325 

THERMOS-FLASK, 495 

Three states of matter, 179 

Torricelli, Evangelista, 285 

Torricellian vacuum, 266 

Torsion, 188 

Trade winds, 485 

Transmission of heat, 475 

Transverse vibration, 593 ; of waves, 
534 ; reflection, of sound waves, 
in, 593 

Triangle of forces, 51 

Trim, 646 

Troposphere, 262 

Tube well, pumps, 300 

Tuning, 598; fork, 527 


ULTIMATE STRESS, 185 

Ultrasonics, 578 : 

Units, 3 ; derived, 4; fundamental, 
4; of force, 75 ; ofi mass, 7; of 
heat, 395 

Unstable equilibrium, 101 


Vapour Pressure, 439 

Vector and scalar quantities, 66 

Velocity, angular, 43 ; uniform, 41 ; 
average, 41; of sound, 545; 
units of, 42; ratio, 151; rela- 
tive, 60; R.M.S., 385; triangle 
of, 60 

Venturi Tube expt., 631 


INTERMEDIATE PHYSICS 


Vernier, 17 į constant, 18 

Viscosity, 196 

‘Voice, human, 624 

Volume, measurement of, 30 ; -ther- 
mometer constant, 373 


Water, anomalous , expans:on of 
358 ; head of, 213; velocity of 
sound in, 552 

Water equivalent, 398 

Water supply, city, 213 

Watt, James, 522 

Watt’s Governor, 88 

Waye, 532; -length, 537; motion, 
532; -front, 537; progressive, 
533 5 stationary, 576 

Whether glass, 269; forecasting of, 
275; charts, 276 

Wedge, 163 

Weight, 76, 174; true, 230 


Weight feemonieter, 346 

Welding, 432 

Wheel and axle, 158 

Wind, instrument, 619 ; tunnel, 628 

Windlass, 159 

Wood's metal, 430 

Work, 126; units of, 127; and 
power, 128 


X, unit, 7 


Yarp, Imperial Standard, 6 
Yawing, 644 

Yield point, 185 > 
Young’s Modulus, 190 
Young, Thomas, 207 


Zero, absolute, 379 


